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(g) Triple orthogonally interleaved error correction system. 

(57) The detection and correction of errors in 
digital data transmitted by or stored in a media 
channel is provided by processing the data 
through a triple orthogonally interleaved error 
correction system. On the transmit/store side of 
the system, the data is encoded three times 
prior to placement in the media channel with 
two different interleaving steps performed be- 
tween the encoding steps. The first interleave is 
an orthogonal row shuffling interleave that pro- 
vides enhanced protection against burst errors. 
On the receive/play back side, the data is de- 
coded and deinterleaved, with included errors 
detected and corrected to enable recovery of 
the original data. To enhance the error correc- 
tion, a circuit is used for generating a symbol 
accurate error flag identifying symbols contain- 
ing errors thereby allowing the error correcting 
decoders to focus on and correct the data. 
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TECHNICAL FIELD 

The present invention relates to an error detec- 
tion and correction system for digital data recorded in 
a storage device or transmitted through a communi- 
cations channel, and in particular to a system utilizing 
a triple orthogonally interleaved error correction code 
for detecting and correcting errors in stored or trans- 
mitted digital data. 

BACKGROUND OF THE INVENTION 

There are many applications where large vol- 
umes of digital data must be transmitted and/or stored 
and received and/or recovered substantially error 
free. For example, it is imperative that computer data 
base information, such as social security information, 
corporate sales and financial data, as well as satellite 
communications and research data, such as seismic 
or weather data, be transmitted and stored accurate- 
ly. 

Digital data is typically composed of binary units 
called "bits" with a group of bits (normally 8) making 
up a data "byte" or "symbol". Groups of bytes (normal- 
ly 2) make up a data "word" or may alternatively be ar- 
ranged into "blocks" of data (28 or 32 byte blocks are 
common). The errors that typically occur in the trans- 
mission, storage, reception and recovery of this data 
are of two types. The first type, termed a "random" or 
isolated error, occurs in a single bit when there is a 
substitution of one value, in a two value binary bit sys- 
tem, for its opposite value. The second type, termed 
a "burst" error, occurs when a continuous sequence 
of adjacent bits are in error. The length and frequency 
of burst type errors may be either random or system- 
atic. In either case, the relative occurrence of these 
errors is generally a function of the media or channel 
employed. 

Accurate transmission or storage and reception 
or recovery of digital data has historically been diffi- 
cult because the media channels utilized for transmis- 
sion or storage of data are plagued by error introduc- 
ing factors. For example, such errors may be attribu- 
table to transient conditions in the storage device or 
transmission channel (noise, for example), or may be 
recurrent conditions resulting from defects in the 
channel, storage device or recording media. The ex- 
istence of transient conditions or defects result in in- 
stances where the digital data is not transmitted or re- 
corded properly or cannot be reliably received or re- 
covered. Considerable attention has been directed to- 
ward discovering methods for reducing the transmis- 
sion and storage errors that typically accompany data 
storage and transmission activities. 

For example, it is well known in the art to employ 
error correction codes (ECCs) and other means to lo- 
cate, counteract, correct and/or eliminate these er- 
rors. Such codes comprise additional or redundant 



bits periodically appended to discrete portions of the 
transmitted or stored data stream. The redundant bits 
are added to the discrete portion of the data stream 
to form code words. This well known process used to 

5 counter the occurrence of errors is commonly refer- 
red to as "encoding". Once encoded, the random er- 
rors in the transmitted or stored data stream are easily 
located and corrected by well known mathematical 
means. This process is commonly referred to as "de- 

10 coding." Decoding typically involves utilizing the ap- 
pended redundant bits as a parity check against the 
associated discrete portion of the data stream to de- 
tect and correct introduced errors. 

Although many different error correction codes 

15 exist, the Reed-Solomon (R-S) code system is per- 
haps the most popular and commonly used symbol 
coding system. A "symbol" as used herein is com- 
prised of m bits; with m being two or more bits and typ- 
ically equal to eight bits in which case each symbol is 

20 equal to a data byte. An (N,K) R-S code is a code 
wherein K symbols of user data (data word or code 
group) have N-K error correction (parity check or 
code) symbols appended thereto to define a code 
word having a length of N symbols. The resulting N 

25 symbol code word can correct a minimum of T sym- 
bols of data error within the codeword where T = (N- 
K)/2. For example, a (38,30) R-S code has a code 
word of 38 symbols in length and a data word (code 
group) of 30 symbols in length. Thus, there are eight 

30 parity check (code) symbols that enable a minimum 
of four errors to be corrected in each code word. 

Decoders for R-S coded transmissions are well 
known in the art These decoders process received 
code words and perform detection and correction 

35 processes on the data symbols according to the code 
symbols to output corrected code groups. Following 
correction, the parity check (code) symbols are strip- 
ped from the code word and the corrected data word 
(code group) is output. R-S codes can only correct T 

40 errors because it takes two code symbols to detect 
and correct one error. However, the R-S decoder also 
has the capability of showing within a known probabil- 
ity that the detection and correction capability of the 
decoder has been exceeded and that errors still exist 

45 in the output code group. Thus, the R-S decoders 
also include outputs that become active when the er- 
ror correction capability of the decoder is exceeded. 

The signals that appear at this additional decoder 
output are termed "erasure flags", where each flag is 

so associated with a code word believed to still contain 
one or more errors. Typically, these erasure flags are 
used by subsequent decoders to assist in the correc- 
tion of the flagged data in error. Erasure flags are 
beneficial because it requires only one code symbol 

55 to correct a flagged data error. Use of the erasure 
flags by subsequent decoders can thus enhance the 
correction capability of the decoder from a minimum 
of T to a maximum of 2T errors. 
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Furthermore, it is well known in the art to employ 
an interleaving process either before or after encod- 
ing to provide additional protection against included 
errors. Interleaving is a process performed on the 
transmitting or recording side of a system wherein 5 
consecutive bytes of digital information in the original 
data stream are separated from each other. Thus, 
bytes of digital information which were not adjacent 
prior to interleaving are concatenated and output as 
a new bit stream. Interleaving of data streams makes 10 
it less likely that consecutive bytes of digital informa- 
tion in the original stream will be adversely affected 
by a subsequent burst error as the burst error affects 
concatenated bytes from different portions of the 
original data stream. In the subsequent deinterleav- 15 
ing process, burst errors are effectively broken up 
and corrected in a piecemeal fashion by interleaving 
uncorrupted data from locations outside of the burst 
error into the bit stream. 

The prior art discloses the use of both error cor- 20 
rection coding and interleaving systems in combina- 
tion to provide increased protection against random 
and burst errors encountered during data transmis- 
sion and storage operations. For example, Deng, et 
al. describe a dual, interleaved error correction sys- 25 
tern in an article entitled Reliability and Throughput 
Analysis of a Concatenated Coding Scheme , publish- 
ed in IEEE Transactions on Communications, Vol. 
Com-35, No. 7, July 1987. In implementing the Deng, 
et al. system, encoding of the concatenated code is 30 
achieved in three steps. This three step process is fig- 
uratively shown in Figure 1 of the article (reproduced 
herein as FIGURE 1). First, a data message of a fixed 
number of bits is encoded into a code word by means 
of a first, outer encoding system. The code word is 35 
then interleaved, and after interleaving is encoded by 
a second, inner encoding system and output for trans- 
mission or storage by the media channel. Such an in- 
terleaved coding system has also been referred to as 
a cross-interleaved coding system and primarily used 40 
with an R-S code for the outer and inner coding sys- 
tems. Systems such as that shown in FIGURE 1 are 
well known in the art and commonly referred to by the 
acronym CIRC (Cross-Interleaved Reed-Solomon 
Code). 45 

The use of multiple encoding steps and multiple 
interleaving steps, separately or in combination, to 
improve error detection and correction capability is 
disclosed by several published patents. For example, 
United States Patent No. 3,786,439 issued to McDo- so 
nald, et al. and Japanese patent No. 55-35562 are 
considered illustrative of simple triple encoding 
schemes. The patent issued to McDonald, et al., dis- 
closes a triple encoding scheme whereby a first en- 
coder operates on segments of the data stream, a 55 
second encoder operates on groups of encoded seg- 
ments and a third encoder operates on the encoded 
groups. In the Japanese patent, two error correction 



codes are appended onto a portion of the data 
stream, the dual encoded appended data stream fur- 
ther being encoded by a third encoder for appending 
of a third code and output United States Patents Nos. 
4,730,321 , issued to Machado, and 4,567,594, issued 
to Deodhar, are considered illustrative of simple triple 
interleaving schemes. Use of multiple encoding and 
interleaving steps provides improved detection and 
correction capability for encountered random and 
burst type errors. 

Prior to outputting the encoded and/or inter- 
leaved data stream, it is well known in the art to use 
a media channel encoder on the data stream to coun- 
ter the errors typically introduced by the use of cer- 
tain transmission or recording media (for example, a 
digital tape recorder). The media channel encoding 
scheme is typically a run-length limiting code that 
protects against data sequencing errors. One such 
media channel encoding scheme known and widely 
used in the art is referred to as Mi Her- Squared encod- 
ing as described in Reissue United States Patent No. 
31,311 issued to Miller. The conventional Miller-Squa- 
red decoder simply converts (decodes) the media 
channel encoded data stream for output. 

The drawback associated with these prior art 
run-length limiting media channel decoders is that 
the decoded data stream is not checked for any errors 
introduced by the media channel. Thus, these un- 
identified errors are passed on to the subsequent de- 
coding and deinterleaving steps. Because of the in- 
herent limitations of the subsequent error correction 
decoders, the unidentified data errors introduced by 
the media channel may not be detected or even if de- 
tected, not corrected. 

In summary, the more error correction code sym- 
bols added to the data, the more accurate the ability 
of the system to detect and correct included errors. 
However, the most significant drawback associated 
with multiple encoding schemes, such as the CIRC 
scheme, is that each encoding step adds redundant 
symbols to the data stream which occupy space that 
would otherwise be devoted to the user data. The 
current state of the art in error correction schemes 
does not present a scheme that accurately handles 
large volumes of digital data for transmission or stor- 
age while minimizing the number of included symbols 
devoted to error detection and correction. 

SUMMARY OF THE INVENTION 

In accordance with the present invention there is 
provided a triple orthogonally interleaved error cor- 
rection system to detect and correct errors in data 
transmissions through the use of relatively few error 
correction symbols in proportion to the amount of 
user data transmitted. In accordance with the broader 
aspects of the present invention, the data stream to 
be transmitted or stored is encoded by a first error 
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correction encoder to form a series of code words. 
The code words are input to an interleaver where the 
code words are orthogonally interleaved. A second 
error correction encoder then encodes the series of 
code words. The code words are further processed by 
a second interleaver and subsequently encoded by a 
third error correction encoder. The triple orthogonally 
interleaved encoded data is then ready for transmis- 
sion or storage through a chosen media channel. On 
the reception or play back side of the system, the data 
is recovered from the media channel and processed 
by a corresponding series of decoders and deinter- 
leavers in reverse order from the transmission and 
storage side to recover the user data stream and cor- 
rect any introduced errors. 

In particular, the data stream to be transmitted or 
stored is input into the system and first processed by 
a first error correction encoder that divides the raw 
data into a series of code groups comprised of K sym- 
bols per group, wherein each symbol is comprised of 
eight data bits (one byte). Thef irst encoder generates 
a first error correction symbol (C3) that is appended 
onto its associated code group of symbol length K to 
form a code word of symbol length N. The C3 error 
correction symbols generated for each code word can 
correct up to T erroneously transmitted or stored sym- 
bols, wherein T = (N - K)/2. 

After the C3 error correction symbols are ap- 
pended, the generated code words are stored in the 
columns of an outer interleaver as a first series of 
two-dimensional "data planes." Thus, each column of 
the outer interleaver is comprised of an integral num- 
ber of C3 encoded code words of symbol length N, 
with each row of each column containing a integral 
number of individual data symbols or correction sym- 
bols. 

Prior to generating the next error correction sym- 
bol (designated the C2 symbol), the rows of the first 
series of data planes are orthogonally shuffled by the 
outer interleaver to generate a second series of data 
planes. Interleaving in this manner protects the data 
from loss due to very large burst type errors. During 
this orthogonal shuffling process, each row prefer- 
ably maintains its row position on the second series 
of data planes. For example, if the first row from the 
first data plane of the first series is shuffled, then the 
first row will occupy the first row in the designated 
destination data plane of the second (shuffled) ser- 
ies. 

Following the outer orthogonal interleave, the 
columns of code words are output from the outer in- 
terleaver and processed by a second error correction 
encoder where the second error correction symbol 
(C2) is appended to each orthogonally interleaved 
code word. The C2 encoded code words are then writ- 
ten into columns of a data plane in a second (inner) 
interleaver. The rows of the data plane in the inner in- 
terleaver are then sequentially output to perform an 



interleaving process on the C2 encoded code words. 
The second interleaving step provides protection 
against burst type errors of moderate length. 

Following the inner interleave, the rows of sym- 

5 bols in the second series of data planes are process- 
ed as code words by a third error correction encoder. 
Through this processing, a third error correction sym- 
bol (C1) is appended to the rows of symbols trans- 
versely to the other code symbols to generate a final 

10 series of data planes of C1 encoded code words. The 
C1 encoded data is then passed on for transmission 
or recording by the media channel. 

Enhanced error detection and correction is pro- 
vided by further encoding the final series of data 

15 planes, prior to input in the media channel, using a 
run-length limiting code such as a Miller-Squared 
code. When a run-length limiting encoder is used, a 
corresponding decoder must be used on the recep- 
tion or play back side. The decoder used in the pres- 

20 ent invention is an improved Mi Her- Squared decoder 
that generates sequence violation (S.V.) flags signal- 
ling the occurrence of offending data sequences in 
the data stream that have been introduced by the me- 
dia channel. These violation flags are used as era- 

25 sure flags by the decoders on the receiver or play 
back side to assist in the further detecting and cor- 
rection of errors in the data stream. 

On the receiver or play back side, a first error cor- 
rection decoder receives the C1 encoded code words 

30 and any generated media channel sequence violation 
flags, corrects any present and correctable error con- 
taining data symbols and strips off the C1 code sym- 
bols. With the sequence violation flags, the C1 de- 
coder need use only one C1 code symbol to correct 

35 the flagged error rather than two as required for cor- 
rection of previously undetected errors. Not all errors 
present and detected in the received or played back 
code words are corrected by the C1 decoder. How- 
ever, for each uncorrectable error detected by the C1 

40 decoder, a C1 error flag is output to identify the loca- 
tion of each row that still contains one or more uncor- 
rected errors. The sequence violation flags and C1 
error flags are then logically combined to generate a 
C1S.V. symbol accurate error flag to more particular- 

45 ly and precisely point to (flag) included errors uncor- 
rected by the C1 decoder. 

The C1 decoded code words (C1 code groups) 
are then written into the rows of an inner deinterleav- 
er as a data plane along with the C1-S.V. error flags. 

so The inner deinterleaver deinterleaves the data by se- 
quentially outputting the columns of data. The dein- 
terleave performed is opposite the interleave per- 
formed by the inner interleaver on the transmit side 
of the system. The columns of C1 decoded code 

55 words (C1 code groups) are output such that the C2 
and C3 error correction symbols are appended to the 
proper C2 code groups in an order corresponding to 
the data output from the C2 encoder on the trans- 
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mit/record side. Also included with each output col- 
umn are the deinterleaved C1 S.V. error flags provid- 
ing an indication of places within each column (row lo- 
cation) containing an error uncorrected by the C1 de- 
coder. 

The data is next processed by the C2 decoder, 
which uses the C2 code symbols and the C1S.V. er- 
ror flags to detect and correct as many errors as pos- 
sible. The C2 decoder then strips the C2 code sym- 
bols from the code words and outputs the C3 code 
groups. The range of errors correctable by the C2 de- 
coder is extended by the C1S.V. error flags as flag- 
ged errors require only one code symbol for correc- 
tion. If either a flagged error or a detected C2 error is 
not corrected by the C2 decoder, a C2 error flag is 
output to designate columns or code words that con- 
tain detected but uncorrected errors. The C1 S.V. and 
C2 errorf lags are then logically combined to generate 
a C1-C2 symbol accurate flag that will identify for the 
subsequent C3 decoder symbols that remain in error. 

The decoded C2 code words (C2 code groups), 
along with the C1-C2 symbol accurate flags, are then 
written into the columns of an outer deinterleaver as 
a series of data planes. The outer deinterleaver then 
unshuffles the rows of the orthogonally interleaved 
series of data planes to generate data planes corre- 
sponding to the first series of data planes of the outer 
interleaver on the transmit/record side. The decoded 
C2 code words (C2 code groups) stored in the outer 
deinterleaved data planes are output by column in se- 
quence to a C3 decoder with the appended C3 error 
correction symbols. 

As each column of the inner deinterleaved array 
is processed by the C3 decoder, the C1 C2 symbol 
accurate error flag is also read to identify each sym- 
bol within the C3 code words containing a detected 
but uncorrected error. The C3 decoder then detects 
and corrects as many included errors as possible, 
strips off the C3 code symbols from the code words 
and outputs a data stream substantially, if not exactly, 
corresponding to the original user data symbols (data 
stream) first input into the C3 encoder on the trans- 
mit/record side. 

With the triple orthogonally interleaved error cor- 
rection process of the present invention utilizing me- 
dia channel S.V. flags, C1S.V. flags and C1 C2 flags, 
the range of correctable data symbols is extended 
and maximized from T to 2T as each error correcting 
decoder advantageously utilizes erasure flags to per- 
mit error correction through use of a single code sym- 
bol. Thus, the corrected data stream as output from 
the system is substantially error free. Any symbols 
containing errors after the C3 decoding and correc- 
tion process may be flagged by the C3 decoder for 
further processing if necessary. 

The quality and accuracy of the data stream stor- 
ed or transmitted via the media channel is further im- 
proved through the use of a read-while-write circuit 



coupled to the triple orthogonally interleaved error 
correction system of the present invention. With the 
read-while-write, the sequence of triple orthogonally 
interleaved encoded data planes are immediately 

5 read and decoded as written to the media channel 
and the number of C1 and C2 error flags are counted. 
If the number of flags counted exceed a predeter- 
mined threshold level, set to provide a margin for 
transmission or playback deterioration, the read- 

10 while-write circuit causes the error containing block of 
data to be rewritten to the media channel by triggering 
the transmit or record side to reread, re-encode and 
retransmit or rerecord the data in error. 

15 BRIEF DESCRIPTION OF THE DRAWINGS 

A more complete understanding of the triple or- 
thogonally interleaved error correction system of the 
present invention may be had by reference to the fol- 
20 lowing Detailed Description when taken in conjunc- 
tion with the accompanying Drawings wherein: 

FIGURE 1 is a block diagram of a prior art cross- 
interleaved (CIRC) error correction encoder sys- 
tem; 

25 FIGURE 2 is a block diagram of one embodiment 

for the triple orthogonally interleaved error cor- 
rection system of the present invention; 
FIGURE 3 is a pictorial representation of the ser- 
ies of data planes in the outer interleaver in which 

30 individual C3 encoded code words are stored in 

consecutive adjacent columns; 
FIGURES 4Aand 4B are pictorial representations 
of the series of data planes illustrating orthogonal 
shuffling; 

35 FIGURE 5 is a pictorial representation of a data 

block illustrating a particular row maintaining in- 
terplane orthogonal shuffling sequence imple- 
mented by the outer interleaver, 
FIGURE 6 is a block diagram of the outer inter- 

40 leaver circuit; 

FIGURES 7A and 7B are a block diagram for the 
inner interleaver circuit; 

FIGURE 8 is a depiction of a data plane of C2 
code words as output from the C2 encoder and in- 
45 put into the memory buffer of the inner interleav- 

er circuit; 

FIGURE 9 is a depiction of a data plane of C1 en- 
coded code words as output by the C1 encoder, 
FIGURE 10 schematically illustrates a helical 
50 scan magnetic tape; 

FIGURE 11 is a depiction of a data plane with era- 
sure flags as output from the C1 decoder, 
FIGURE 12 shows either a single C1 or C2 code 
word; 

55 FIGURES 13Ato 13F depictthe processing steps 

for the C1 and C2 code words and erasure flags 
to generate a symbol accurate flag; 
FIGURE 14 is a depiction of a data plane as input 
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into the outer deinterleaver; 
FIGURE 15 is a block diagram showing an alter- 
native embodiment of the system without media 
channel encoding and decoding; 
FIGURE 16 is a block diagram showing the pre- 
ferred alternative embodiment of the system for 
maximizing error correction capability and ena- 
bling a read-while-write function; 
FIGURE 17A is a block diagram of a M 2 decoder 
in accordance with the present invention includ- 
ing circuitry for detecting and flagging short run 
errors; 

FIGURE 17B is a block diagram forthe synchron- 
ization circuit for a M 2 decoder; 
FIGURE 18 is a timing diagram for the circuit of 
FIGURE 17A; 

FIGURE 19 is a block diagram of a M 2 decoder in 
accordance with the present invention including 
circuitry for detecting and flagging long run er- 
rors; 

FIGURE 20 is a timing diagram for the circuit of 
FIGURE 19; 

FIGURE 21 is a block diagram for a M 2 decoder 
in accordance with the present invention includ- 
ing circuitry for detecting and flagging sync se- 
quence errors; and 

FIGURE 22 is a timing diagram for the circuit of 
FIGURE 21. 

DETAILED DESCRIPTION OF THE DRAWINGS 

Referring now to FIGURE 1 , there is shown a pri- 
or art dual interleaved error correction system. In im- 
plementing the dual interleaved error correction sys- 
tem, encoding of the concatenated code on the trans- 
mit or record side is achieved in three steps. First, a 
data message of a fixed number of bits is encoded 
into a code word by means of a first, outer encoder 2. 
The code word is then interleaved by an inter leaver 
4. Finally, the code word is encoded by a second, in- 
ner encoder 6 and transmitted over the media chan- 
nel 8 for transmission or storage. On the receive or 
play back side, decoding of the transmitted data is ac- 
complished by receiving the data from the media 
channel 8 and performing corresponding decoding 
and deinterleaving steps in a complementary three- 
step order. Such an interleaved coding system is pri- 
marily used with an R-S coding scheme for the outer 
and inner encoding and decoding systems and refer- 
red to as a cross- inter leaved Reed- Solomon coding 
system (CIRC). Error detection and correction encod- 
ing (and decoding) processes and circuits are well 
known in the art. 

An (N,K) R-S encoder takes a code group com- 
prised of K symbols and then calculates and appends 
N-K error correction code symbols to generate a code 
word N symbols in length. The code symbols are gen- 
erated in a well known manner using specified gen- 



erator (encoding) polynomials and Galois Fields as 
described in United States Patent 4,567,594, issued 
to Deodhar. The appended code symbols provide the 
capability of detecting and correcting T errors in the 

5 code word, wherein T = (N - K)/2. Correction of more 
than T errors (up to a maximum of 2T errors) is pos- 
sible with the use of erasure flags as will be dis- 
cussed herein. 

Referring now to FIGURES 2, 15 and 16, there 

10 are shown block diagrams for several embodiments of 
the triple orthogonally interleaved error correction 
system of the present invention. FIGURE 16 illus- 
trates the preferred embodiment for providing maxi- 
mum protection against, and correction of included 

15 data errors. The systems illustrated each comprise a 
transmit or record side at the top of each figure and 
a receive or play back side at the bottom of each fig- 
ure. Communication between each side of the system 
occurs over a media channel on the right hand side 

20 of each figure. It is typically the media channel that 
introduces errors into the data transmission. 

With reference now specifically to FIGURE 2, 
user data for transmission or storage is received on 
the transmit/record side of the system from a data 

25 source on line 10. The user data is generally a stream 
of eight bit symbols received in parallel format. It will 
however be understood that data in other formats, for 
example, a serial format, may be received and proc- 
essed by the system. 

30 In the transmit/record side of the system, three 

orthogonally interleaved sets of error correction 
codes (C3, C2 and C1) will be calculated and append- 
ed to the user data. These three error correction 
codes will be in symbol format and will be appended 

35 to groups of user data symbols or other code groups 
formed by the system to form code words. Each error 
correction code symbol is generated by an encoder 
that produces a unique code symbol according to well 
known processes utilizing the user data symbols in 

40 each group and a specific coding polynomial. 

The user data symbol stream input on line 10 for 
transmission or storage is first divided into a se- 
quence of user code groups, each group containing a 
predetermined amount of user data in symbol format, 

45 by an outer encoder 12. The length, in numberof sym- 
bols, of each code group of user data is determined 
and set by the system and may be programmed into 
the encoder 12. 

Each user data code group in the user data se- 

50 que nee is then processed by the outer encoder 12 
which calculates a first error correction code (herein- 
after referred to as a C3 code) in the form of one or 
more symbols that are appended to the user data 
code group to generate a C3 encoded code word. The 

55 outer encoder 12 is preferably an (N,K) Reed- 
Solomon encoder, but can be any other encoding sys- 
tem or apparatus that generates and appends error 
detection and correction symbols based on a subset 
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(code group) of the user data symbols. 

The output from the outer (C3) encoder 12 on line 
14 comprises a sequence of C3 encoded code words 
(user code group plus C3 code symbols). The se- 
quence of C3 code words on line 14 is stored in a two- 
dimensional memory array of an outer interleaver 16 
as a first series of data planes. Each data plane com- 
prises m columns, each column containing n ele- 
ments or rows. It will of course be understood that "n", 
referring to the number of elements in each column 
of the array, and "N", referring to the number of sym- 
bols in a code word, do not necessarily represent the 
same number. However, in the preferred embodiment 
of the invention, the number of symbols "N" in a code 
word equals the number of rows "n". Thus, the se- 
quence of C3 code words are sequentially written, 
one code word per column, into adjacent columns of 
consecutive data planes. Consider, for example, a 
code sequence containing 20 code words each word 
having 15 symbols and a memory area storing two 
data planes each plane having ten columns (m=10) 
and fifteen rows (n=15). With this example, the first 
ten code words in the sequence would be written into 
the ten columns of the first data plane one symbol per 
row, 15 symbols (one code word) per columns with 
the second ten code words being written in a similar 
manner into the ten columns of the second data 
plane. 

The storage process performed by the interleav- 
er 16 can be better understood by reference to FIG- 
URE 3 which depicts a series of three data planes in 
the outer interleaver 16, each data plane having a 
number of columns 18 and rows 20. The rows 20 of 
each column 18 contain user data symbols 22 and ap- 
pended C3 error correction code symbols 24. The 
first C3 code word in the sequence is stored in the 
first column of the first data plane 28. The following 
C3 code words in the sequence of C3 encoded code 
words are sequentially stored in a similar fashion from 
left to right in the remaining columns 18 in the first 
data plane 28. After the first data plane 28 is filled 
with C3 code words in the manner described, the out- 
er interleaver 16 moves on to sequentially store fol- 
lowing C3 code words in the next adjacent data 
planes 30 and 32. 

The purpose of the outer interleaver 16 in FIG- 
URE is to orthogonally shuffle (interleave) the rows 
of the stored series of data planes to generate a sec- 
ond series of data planes. Interleaving in this manner 
provides protection against very large burst type er- 
rors by concatenating nonadjacent code words and 
widely separating adjacent code words. A better un- 
derstanding of the orthogonal interleaving process 
may be had by reference to the following description 
when taken in conjunction with the illustrations in FIG- 
URES 4A and 4B. 

Each data plane shown in FIGURE 4A comprises 
a plurality of rows of user data symbols and a plurality 



of rows of C3 code symbols generated during the C3 
encoding step. The colors red, blue and green are as- 
signed to the data planes so that the orthogonal row 
shuffling process may be more easily described and 
5 clearly observed. The rows of the red data plane 40 
are sequentially labeled as R1, R2. . .Rn. The same 
is true for the rows of the blue data plane (Bn) 42 and 
green data plane (Gn) 44. The rows of error correction 
code symbols are labeled consecutively following the 
w user data symbol rows because the C3 parity sym- 
bols and data symbols are treated equally by the in- 
terleaver 16. 

Orthogonal interleaving of the rows in the data 
planes is accomplished by the interleaver 16 by a row 
15 shuffle interleave process that shuffles rows be- 
tween data planes (interplane shuffle) rather than 
shuffling inside a single data plane (intraplane shuf- 
fle). According to a predetermined interplane shuf- 
fling algorithm stored in a look-up table in the outer 
20 interleaver 16, individual rows of the data planes are 
selected, shifted to another predetermined data 
plane to displace and replace a row in that plane. 

This interplane shuffling process creates a new 
(second) series of data planes (see FIGURE 4B), 
25 each data plane comprised of rows of symbols taken 
at various depths from a plurality of data planes in the 
first series. Thus, each data plane in the new plurality 
of data planes is orthogonally interleaved from the 
planes in FIGURE 4A and comprises a mixture of red, 
30 green and/or blue rows. The term "orthogonal inter- 
leaving" is used to describe this shuffling algorithm 
because the z axis across which the rows are shuf- 
fled (interplane) is orthogonal to the x-y plane that is 
coplanar to each data plane from which the rows are 
35 taken. 

In the preferred embodiment of the invention, the 
interplane orthogonal shuffling algorithm maintains 
the same row position for each shuffled row after 
transfer to the new plurality of data planes. This is 

40 best illustrated in FIGURE 4B wherein the first series 
of red, blue and green data planes (reference numer- 
als 40, 42 and 44, respectively) of FIGURE 4A are 
shown following the interplane orthogonal shuffling 
performed by the interleaver 16. The first data plane 

45 46 in FIGURE 4B (second series of data planes, cor- 
responding to the red data plane 40) comprises rows 
taken from each data plane in FIGURE 4A. As can be 
seen, each shuffled row has maintained its same row 
position. For example, the second row 48 in ortho- 

50 gonally shuffled data plane 46 contains the second 
row of the blue data plane 42 (B2). Likewise, the sixth 
row 50 contains the sixth row of the green data plane 
44 (G6). Similar shuffling according to the shuffling 
algorithm occurs for the rows containing the C3 code 

55 symbols, and thus the code symbols, even after or- 
thogonal interleaving, will remain at the bottom of the 
data planes. 

The data cube 52 shown in FIGURE 5 illustrates 
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one particular interplane shuffling algorithm that 
maintains row position. It will of course be understood 
that other shuffling algorithms are available. The 
data cube 52 contains a plurality of data planes, rep- 
resenting the sequence of data planes in the inter- 5 
leaver 1 6, of which only the first three, corresponding 
to the red (40), blue (42) and green (44) data planes 
of FIGURE 4A, are shown. Also shown is a diagonal 
plane 54 representing the shuffling sequence or algo- 
rithm for dispersing the rows of a chosen data plane 10 
over the data cube 52. As shown, the diagonal plane 
54 illustrates a dispersing of the rows of the first (red) 
data plane 40. Accordingly, the first row (R1) at the 
upper front edge 56 of the cube 52 will remain as the 
first row of the first data plane following shuffling. 15 
However, the last row (Rn) of the first data plane will 
be orthogonally shuffled by the diagonal plane 54 to 
become the last row of the last data plane at the lower 
back edge 58 of the cube 52. Dispersing of rows from 
other data planes (blue 42, green 44, etc.) by the di- 20 
agonal plane 54 can be illustrated on the cube by sim- 
ply shifting the diagonal plane sequentially plane by 
plane in a rearward direction, as shown by dotted di- 
agonal plane 54* (shown dispersing green data plane 
44), to disperse the rows of each subsequent data 25 
plane. 

The row shuffling algorithm implemented by the 
interleaver 16 is programmed into the interleaver in 
accordance with the chosen media channel in order 
to optimize the available protection against burst er- 30 
rors. For example, if the media channel is susceptible 
to burst errors of a length x, where x is either physical 
space or time, then the shuffling algorithm will cause 
adjacent symbols in a column to be separated by at 
least x distance. With this separation, a burst error of 35 
less than x duration will not adversely affect the data 
as the error can be corrected by the decoder follow- 
ing interleaving of uncorrupted data into the data 
stream from outside the error. 

While the orthogonal interleaving algorithm has 40 
been illustrated herein to provide interplane shuffling 
while maintaining relative position (row location) of 
the shuffled rows, it will be understood that other in- 
terplane shuffling algorithms may be implemented. 
For example, the algorithm could provide for inter- 45 
plane shuffling in a pseudo-random manner, or in any 
other manner as defined by a given mathematical se- 
quence. In choosing the shuffling algorithm, it is im- 
portant that the chosen alternative interleaving algo- 
rithm provide sufficient spacing of the code words in so 
space and time to protect against the anticipated 
types of burst errors encountered with use of the 
chosen media channel. 

Referring now to FIGURE 6, there is shown a 
block diagram of an interleaver circuit similar to that 55 
used in the outer interleaver 16 of the present inven- 
tion. Random access memory (RAM) arrays, 60(1) to 
60(j), are provided in the interleaver circuit as storage 



areas for the j two-dimensional arrays of m columns 
and n rows needed for storing the sequence of code 
words in the plurality of data planes required for inter- 
plane orthogonal shuffling. Each memory array 60 is 
connected to an address bus 62 and a data bus 64. 
The address bus 62 is coupled to an address port 66 
of each array 60, and the data bus 64 is connected 
to an input/output port 68 of each array 60. 

A write multiplexer 70 receives the sequence of 
C3 encoded code words over line 14 from the C3 en- 
coder 12 (FIGURE 2) and writes individual code 
words into selected memory arrays 60 according to 
the memory addresses sequentially generated by a 
write address counter 72 and read/write control circuit 
74. The input/output port 68 of the chosen memory 
array 60 is activated by signals on the address bus 62 
from the write address counter 72 in accordance with 
operation of the circuit 74. Typically, the write address 
counter 72 causes the incoming sequence of code 
words to be sequentially stored in adjacent columns 
of each memory array 60 starting with the first array 
60(1) and continuing until array 60(j) is filled. 

To output orthogonally interleaved code words 
from the interleaver circuit (FIGURE 6), a read ad- 
dress counter 76, coupled to a look-up table 78 and 
the read/write control circuit 74, sequentially gener- 
ates a first sequence of read addresses. These ad- 
dresses cause sequential access to the contents of 
the look-up table 78 causing a second sequence of 
addresses to be applied to the memory arrays 60 by 
the read/write control circuit 74 over the address bus 
62. The addresses present on the address bus 62 
cause the selected memory array 60 to access col- 
umns in the arrays and output stored code words on 
the data bus 64. In the present embodiment of the in- 
vention, the interleaver utilizes a row maintaining 
look-up algorithm and the C3 encoded, orthogonally 
shuffled code words will be output with the C3 code 
symbol appended to the end of each shuffled code 
group. In alternative embodiments, the C3 code sym- 
bols will be distributed throughout the output code 
words. 

The second sequence of read addresses, as ac- 
cessed by the first sequence and output to the mem- 
ory arrays 60, may be programmed into the look-up 
table 78 in a predetermined orderthat implements the 
orthogonal interplane shuffling sequence optimally 
selected to provide protection against burst errors of 
the length expected with the chosen media channel. 
The orthogonally shuffled sequence of code words 
accessed by the second sequence of read addresses 
from the memory arrays 60 are output through a read 
multiplexer 80 on line 82. It will of course be under- 
stood that the look-up table need not utilize the row 
maintaining algorithm, but may alternatively imple- 
ment any other suitable shuffling algorithm, for exam- 
ple column shuffling, to provide burst error protection. 

An arbitration logic circuit 84 controls the switch- 
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ing of the write multiplexer 70, read multiplexer 80 and 
read/write control circuit 74 via control lines 85, 86 and 
88, respectively. The arbitration logic circuit 84 is also 
coupled to the write address counter 72 and read ad- 
dress counter 76. Arbitration logic circuit 84 operates 
to insure that the selected read and write addresses 
as chosen by the write address counter 72 and look- 
up table 78 from accessing the same address in the 
same memory array 60 at the same time. This may 
be accomplished by configuring the plurality of mem- 
ory arrays 60 as two data buffers selectively ac- 
cessed by the arbitration logic circuit 84 for writing 
and reading data. For example, as the memory arrays 
in the first data buffer are sequentially filled with in- 
coming code words, the memory arrays of the sec- 
ond buffer, which were previously filled with data, are 
read according to the look-up table sequence and out- 
put to accomplish the orthogonal interleaving proc- 
ess. Once a buffer has been completely read from, 
the interleaver circuit operates to receive the next 
code word sequence and overwrite the orthogonally 
interleaved output data in the second buffer. At the 
same time, the arbitration logic circuit 84 reads and 
orthogonally outputs the previously stored sequence 
of code words in the first buffer. 

Referring again to FIGURE 2, C3 encoded code 
words orthogonally interleaved by the outer inter- 
leaver 1 6 are output on line 82 and received by a mid- 
dle error correction encoder 90. The orthogonally 
shuffled C3 encoded sequence of code words are re- 
ceived by the encoder 90, divided into individual code 
groups and processed to calculate a second error 
correction code (hereinafter referred to as a C2 code) 
in the form of one or more symbols that are appended 
to each code group to generate a C2 encoded code 
word. If the outer interleaver 16 utilized a row main- 
taining interplane shuffling algorithm and if the C2 
code groups as divided are equal in length to the C3 
code words, then the C2 code symbols and C3 code 
symbols will be adjacent to each other at the end of 
each C2 encoded code word (see FIGURE 8). The se- 
quence of C2 encoded code words are output from 
the middle encoder 90 on line 100. 

Encoding in this manner provides enhanced pro- 
tection against random and burst errors in addition to 
that protection provided by the outer encoder 16. The 
middle encoder 90 is preferably an (N,K) Reed- 
Solomon encoder, but can be any other encoding sys- 
tem or apparatus that generates and appends error 
detection and correction symbols. However, the mid- 
dle error correction encoder 90 need not employ the 
same code type or employ the same encoding poly- 
nomial as the outer error correction encoder 16. 

After encoding, the sequence of C2 encoded 
code words (containing the shuffled user data code 
groups, shuffled C3 code symbols and C2 code sym- 
bols) are output on line 100 to an inner interleaver 
110. The inner interleaver 110 utilizes a two buffer 



switching process similar to the outer interleaver 16 
shown in FIGURE 6 but utilizes a modified interleaver 
circuit A simplified block diagram of the circuit for the 
inner interleaver 110 is shown in FIGURES 7A and 

5 7B. The interleaver 110 is configured to simultane- 
ously handle both incoming C2 encoded code words 
and outgoing interleaved C2 encoded code words. 

Referring to FIGURE 7A, data buffers 112(a) and 
112(b) are provided in the interleaver 110 for storing 

10 the sequence of C2 encoded code words input over 
line 100. The data buffers 112(a) and 112(b) are ran- 
dom access memories configured in an array format 
(m columns by n rows) large enough to hold a single 
data plane as shown in FIGURES 3, 4A, 4B and 5. 

15 The buffers 112(a) and 112(b) are used by the inter- 
leaver to simultaneously input C2 encoded code 
words and output C2 encoded code words in an inter- 
leaved fashion. 

An input/write multiplexer 114 applies input C2 

20 encoded code words from line 100 on data bus 116 for 
storage in one buffer, for example buffer 11 2(a), while 
an output/read multiplexer 11 8 takes interleaved data 
from the second buffer, for example buffer 112(b), for 
output on line 1 20. The read/write function for the dual 

25 buffer interleave system is controlled by a read/write 
control signal on line 122 from address generators 
1 24(a) and 124(b). When the write function fills buffer 
112(a) with new code words and the read function 
empties buffer 112(b), the read(write control signal 

30 switches to cause the next sequence of code words 
to be stored in buffer 1 1 2(b) while the code words pre- 
viously stored in buffer 112(a) are output in an inter- 
leaved fashion. 

As explained, the code word storage and inter- 

35 leaving processes are controlled by outputs from ad- 
dress generators 124(a) and 124(b) coupled to buf- 
fers 112(a) and 112(b), respectively. Each address 
generator 124 is connected to its associated buffer 
112 via a read/write line 122 and an address bus 126 

40 comprised of a column address line 128 and a row ad- 
dress line 130. 

Referring to FIGURE 7B, the address generators 
1 24 consist of two cou nters, 1 32 and 1 34. The column 
counter 132 counts modulo "m" to provide column ad- 

45 dresses for the buffer 112. The row counter 134 
counts modulo "n" to provide row addresses for the 
buffer 112. Thus, the address counter can access ev- 
ery location in the data plane stored in the buffers 112 
for storage and retrieval of any individual symbol in a 

so code word. 

Referring now to FIGURES 7Aand 7B, the ac- 
cessing of the data locations in the buffers 112 is con- 
trolled by a control signal from the write multiplexer 
114 applied to the address generators 124 on line 

55 136. When the control signal is logic low, the row 
counter 134 of the address generators 124 is enabled 
to continually increment the row addresses. The col- 
umn counter 132 will be enabled to increment the col- 
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umn address each time the row counter reaches its 
terminal count (n). When an address generator 124 is 
applied with a low control signal, the associated buf- 
fer 112 is in a write mode thereby enabling input and 
storage of incoming C2 encoded code words. Con- s 
versely, when the control signal from the multiplexer 
114 is logic high, the column counter 132 is continu- 
ally incremented and the row counter 134 will be in- 
cremented each time the column counter reaches its 
terminal count (m). When an address generator 124 10 
is applied with a high control signal, the associated 
buffer 112 is in a read mode thereby enabling output 
from storage of interleaved C2 encoded code words. 

During a write mode, the address generator 124 
causes the incoming C2 encoded code words to be 15 
written sequentially into the columns of the buffer 
data plane 138 as shown by the arrow 140 in FIGURE 
8. During read mode, the address generator 124 
causes the data stored in the buffer data plane 138 
to be output sequentially in rows on line 1 20 as shown 20 
by the arrow 142 in FIGURE 8. Thus, the buffers 112 
are written column by column and read row by row, 
thereby providing the desired interleaving. 

When the column counter 132 and the row coun- 
ter 134 both reach their terminal counts (indicating a 25 
full data plane input or a full interleaved data plane 
output), a NOR gate 143 and a toggle flip-flop 144 
generating the read/write control signal on line 122 
cause the control signal to switch and the buffers 112 
to change function from read to write or write to read. 30 

Referring again to FIGURE 2, the sequentially 
output rows of inner interleaved C2 encoded code 
words on line 120 are received by an inner error cor- 
rection encoder 150. The interleaved C2 encoded se- 
quence of code words are broken up into individual 35 
code groups and processed to calculate a third error 
correction code (hereinafter referred to as a C1 code) 
in the form of one or more symbols that are appended 
to the interleaved C2 encoded code word to generate 
a C1 encoded code word. The code groups processed 40 
by the C1 encoder 1 50 typically have a symbol length 
equal to the number of columns in the buffer data 
plane 138 in FIGURE 8. Thus, the C1 code symbols 
will be appended onto the ends of each row in the in- 
terleaved data plane 138, transverse to the C2 and 45 
C3 code symbols, as the rows of data are received 
over line 120. The appended, transverse C1 code 
symbols are shown in data plane 152 in FIGURE 9. 
The rows of the C1 encoded code words are sequen- 
tially output from the encoder 150 on a line 154. so 

Encoding in this manner provides enhanced pro- 
tection against random errors in addition to that pro- 
tection provided by the outer encoder 1 6 and middle 
encoder 90. The inner encoder 150 is preferably an 
(N,K) Reed-Solomon encoder, but can be any other 55 
encoding system or apparatus that generates and ap- 
pends error detection and correction symbols. How- 
ever, the inner error correction encoder 150 need not 



employ the same code type or employ the same en- 
coding polynomial as either the outer error correction 
encoder 16 or middle error correction encoder 90. 

The amount of user data selected per user code 
group by the first encoder 12 is limited such that after 
appending the three sets of mutually orthogonal, in- 
terleaved codewords, the data plane 152 generated 
by the triple orthogonally interleaved error correction 
system will contain the prescribed amount of data 
(shuffled user data plus C1, C2 and C3 encoding 
data) as will fit on one track of a helical scan tape re- 
corder. A magnetic tape 156 for a helical scan recor- 
der is schematically shown in FIGURE 1 0. Two helical 
scan tracks 158, each recording one or more data 
planes 152 (FIGURE 9) are pictorially shown on the 
surface of the tape 156. 

As is well known, digital data is recorded on mag- 
netic media such as tapes by magnetizing small por- 
tions of the tape in opposite directions depending on 
the value of the data (bit) to be recorded (either logic 
1 or logic 0). On playback, the changes in direction of 
the magnetized tape are read and transformed back 
into the original digital signal. 

In recording of the data, the bit string may have 
transitions that when recorded will create magnetized 
areas that are for example either too close together 
or too far apart. If the magnetized areas are too close 
together, the play back device will have difficulty in 
distinguishing between and recognizing consecutive 
bits of data. If the magnetized areas are too far apart, 
the synchronization clock required for accurate play- 
back and recovery of the recorded data will be lost 
preventing reproduction of the original signal. 

To address these concerns, in the preferred em- 
bodiment of the system, the rows of C1 encoded code 
words output from the inner encoder 150 are process- 
ed by a media channel encoder 160 prior to being out- 
put onto the desired media channel (for example, tape 
recorder). The media channel encoder 160 encodes 
the output rows of C1 encoded code words using a 
run-length limiting, self clocking code. For example, 
with a (D,K) run-length limiting code, transitions in 
the data stream to be recorded on the tape are not al- 
lowed to occur any closer than D clock pulses nor far- 
ther apart than K clock pulses. If the data sequence 
to be recorded (or transmitted) violates these, or 
other sequencing rules peculiar to the chosen encod- 
ing scheme, the data sequence is changed through 
an encoding step so as to not violate the rules. The 
media channel encoder 160 utilized in the preferred 
embodiment is a Miller-Squared (M 2 ) encoder as de- 
scribed in Reissue United States Patent No. 31,311. 
A brief description of the M 2 encoding rules will be de- 
scribed below. After run-length limiting encoding, the 
C1 channel encoded code words are output to the 
media channel 162. 

As mentioned above, the system of the present 
invention is comprised of a transmit or record side as 
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described above and illustrated at the top of FIGURE 
2 and a receive or play back side as illustrated at the 
bottom of FIGURE 2 communicating over the media 
channel 162. A conventional media channel decoder 
1 70 on the play back side of the system receives the 
C1 channel encoded code words from the media 
channel 162 and decodes the channel encoded data 
to recover the original channel encoded signal. How- 
ever, due to tape manufacturing defects, noise intro- 
ductions or defects in the media channel, the channel 
encoded data output from the channel may include 
channel errors. These errors often introduce data 
transitions into the channel encoded data stream that 
violate the channel sequencing rules. 

With prior art decoders, the included channel er- 
rors would be decoded and introduced into the bit 
stream. This occurred because a run-length limiting 
decoder, as a general rule, does not have error detec- 
tion or correction capability. However, the identifica- 
tion of the channel introduced sequence violations 
would assist in the identification and correction of er- 
rors by the C1 , C2 and C3 decoders thereby enhanc- 
ing the performance of the system of the present in- 
vention. Thus, the present invention utilizes an im- 
proved media channel decoder 170 that detects and 
flags the sequencing violation errors resulting from 
operation of the media channel. As the C1 channel 
encoded codewords are decoded by the media chan- 
nel decoder 170, C1 encoded code words are se- 
quentially output on line 172, and sequence violation 
flags indicating detected sequence violation errors in 
the channel decoded data are simultaneously output 
on line 174. 

The media channel decoder 170 outputs se- 
quence violation flags on a per symbol basis for each 
symbol in each decoded C1 encoded code word out- 
put on line 172. Each sequence violation flag on line 
1 74 demarks a symbol that includes a violation of the 
run-length limiting decoding rules. Both the se- 
quence of channel decoded C1 encoded code words 
and sequence of identifying sequence violation flags 
are passed on to a C1 error correction decoder 180. 
Use of the sequence violation flags to assist in the C1 
error correction decoding enhances the error correc- 
tion capability of the C1 decoder from T to 2T depend- 
ing upon the degree of reliability of the sequence vi- 
olation flags. A more complete description of the M 2 
media channel encoding rules and decoder utilized by 
the system of the present invention is provided below. 

The C1 decoder 180 receives C1 encoded code 
words and decodes and corrects the C1 code group 
(C2 encoded code words) using the received channel 
decoder sequence violation flags as erasure flags. 
The C1 decoder 180 must use the same coding poly- 
nomial to decode the C1 code words as used by the 
C1 encoder 150 to encode the C1 code groups. The 
decoded C1 code groups are output by the decoder 
180 on line 182. An erasure flag identifies an error 



whose location is known but whose correct value is 
unknown. In general, it requires only one code symbol 
to correct an erasure (detected error), while it re- 
quires two code symbols to correct an undetected er- 

5 ror (according to the formula T = (N - K)/2). Thus, 
through efficient use of erasure flags, enhanced cor- 
rection from T to 2T errors is possible. 

If the error correction range of the C1 decoder 
180 is exceeded, leaving detected but uncorrected 

10 symbols in the C1 code group, the decoder outputs 
C1 erasure flags on line 184. A representative data 
plane containing C1 code groups (C2 encoded code 
words) as output on line 182 is shown in FIGURE 11. 
Also shown in FIGURE 11 are a plurality of C1 erasure 

15 flags, symbolized by arrows 186, generated by the 
decoder180 and output on line 184. Each of these C1 
flags indicates that somewhere in the plurality of 
symbols contained in the rows identified by the flags 
there are one or more symbols containing uncorrect- 

20 ed errors. The C1 flags will be used by the system to 
improve error correction capability in a manner to be 
described. 

The C1 code groups and C1 erasure flags are 
next received and processed by an inner deinterleav- 

25 er 1 90. The received data comprises data planes of 
the format shown in FIGURE 11, each containing 
shuffled user data, shuffled C3 error correction code 
symbols, C2 error correction code symbols and the 
C1 erasure flags. The inner deinterleaver 190 has a 

30 structure similar to that shown for the inner interleav- 
er 110 in FIGURES 7Aand 7B. The data planes of C2 
code words are stored in the deinterleaver sequen- 
tially on a consecutive row by row basis. The write di- 
rection for storing the C2 code words is shown by the 

35 arrow 192 in FIGURE 11. To deinterleave, the stored 
code words are output from the deinterleaver 190 se- 
quentially on a consecutive column by column basis. 
The read direction for output of deinterleaved code 
words is shown by arrow 194 in FIGURE 11. 

40 The inner deinterleaver 1 90 utilizes a dual buffer 

system like that used by the inner interleaver 110. 
There are, however, two fundamental differences be- 
tween interleaver 110 and deinterleaver 190. First, 
the order of writing and reading of the rows and col- 

45 umns is reversed so that the order of symbols input 
into the interleaver 110 is equal to the order of sym- 
bols output from the deinterleaver 190. Thus, one 
data plane of input C2 encoded code words is con- 
nected for storage on a row by row basis in a f irst buf- 

50 fer while a previously stored data plane of C2 encoded 
code words is deinterleaved and output on a column 
by column basis on line 196 from the other buffer. 

When the first buffer is filled with a data plane 
and the second bufferdeinterieaves and empties, the 

55 deinterleaver 190 switches to cause the next se- 
quence of C2 encoded code words (data plane) to be 
stored in the second buffer while the code words pre- 
viously stored in the first buffer are output in a dein- 
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terleaved fashion. The storage and output functions 
of the de inter leaver are controlled by the address 
generators 124 in FIGURE 7 A. With reference to FIG- 
URE 7B, a toggle switch 198 coupled to the control 
signal line 136 controls operation of the address 5 
counters 124 and determines whether the circuit of 
FIGURES 7A and 7B operates as an interleaver 110 
or deinterleaver 190. 

Second, the memory arrays 112 of the deinter- 
leaver 190 incorporate additional memory area for 10 
parallel storage of the C1 erasure flags. This allows 
the erasure flag to be stored in the deinterleaver ad- 
jacent to each symbol in the particular error contain- 
ing row. In the preferred embodiment, each symbol is 
eight bits wide. Thus, the memory arrays in the dein- 15 
terleaver 190 are required to hold nine bits, eight for 
the symbol and one for the flag. 

The columns of deinterleaved C2 encoded code 
words output on line 1 96 and C1 erasure flags output 
on line 200 are next processed by a middle error cor- 20 
rection decoder 202 that detects and corrects, ac- 
cording to the C2 code words, as many included er- 
rors as possible. Again, the use of erasure flags en- 
hances the C2 decoder error correction capability of 
the C2 decoder 202 from T to 2T. The decoder 202 25 
then strips the C2 code symbols from the C2 code 
word received on line 196 and outputs the C2 code 
groups sequentially on line 204. When the number of 
errors detected by the C2 decoder 202 exceeds the 
range of correctability of the decoder, C2 erasure 30 
flags are generated by the decoder and output on line 
206 indicating each column that contains an uncor- 
rected error. The C2 erasure flags, in conjunction with 
the C1 erasure flags generated by the C1 decoder 
180, will be used to improve error correction capabil- 35 
ity of the system in a manner to be described. 

It should be noted that the accuracy of the era- 
sure flags generated by both the C1 and C2 decod- 
ers, 180 and 202 respectively, can be low. The accu- 
racy of the flags is illustrated in FIGURE 12 wherein 40 
either a C1 or C2 code word 208 is shown. The code 
word 208 is N symbols in length containing K informa- 
tion symbols and 2T (N - K) correction code symbols. 
Assuming that there are ten correction code symbols 
in each code word, the error correction code can cor- 45 
rect up to five included errors (T = (N - K)/2). 

The code word 208 typically contains anywhere 
from 50 to 255 symbols. Assume for purposes of this 
example that six of those symbols 210, as shown in 
FIGURE 12, were transmitted with errors. Five errors so 
alone can be corrected by the decoder. However, six 
error cannot be corrected. This will cause the whole 
code word, including all symbols that are correct, to 
be labeled in error and flagged. This illustrates the 
low accuracy of the erasure flags in that the probabil- 55 
ity that a code word erasure flag correctly indicates 
errors may be low because a majority, if not almost 
all symbols in a flagged word are correct. By flagging 



correct symbols in a code word as incorrect, the en- 
hanced benefits of flagging erasures (i.e., increased 
correction capability) are diluted. 

Referring again to FIGURE 2, the following is an 
explanation of the manner with which the system of 
the present invention utilizes both the C1 and C2 era- 
sure flags to accurately identify individual symbols 
containing an error rather than blocks of symbols 
(code words) containing an error. Symbol accurate 
flagging extends the range of correction because the 
decoder is not directed to correct flagged symbols 
that are not in error. To achieve this advantage, the 
C1 erasure flags output by the inner deinterleaver 
190 indicating those columns containing errors are 
delayed through the action of delay element 212 and 
output on line 214. Delaying of the C1 erasure flags 
is necessary to adjust for the signal processing time 
required by the C2 decoder 202. As mentioned above, 
the C2 decoder 202 outputs C2 erasure flags on line 
206. An AND gate 216 logically combines the C1 and 
C2 erasure flags for each symbol to generate a C1 C2 
symbol accurate flag on line 218 that identifies indi- 
vidual symbols containing errors. 

The processing of the C1 and C2 erasure flags to 
generate the C1 C2 symbol accurate flag can be best 
understood with reference to FIGURE 2 and FIG- 
URES 13A through 13F. Figure 13A shows an array 
of symbols arranged in data plane format as output 
from the media channel decoder 170 on line 172. 
Within the data plane of FIGURE 13A are a plurality 
of individual symbols 220 (marked with an "x") in error 
and a string of contiguous symbols 222 in error. For 
purposes of this example, it will be assumed that the 
C1 decoder 1 80 corrected all the individual error sym- 
bols 220, but could not, because of the error correc- 
tion limitations of the decoder, correct the string error 
of contiguous symbols 222. 

The data plane of FIGURE 1 3A is received by the 
C1 decoder 180 on a row by row basis, decoded, par- 
tially corrected and output, also on a row by row basis, 
to the inner deinterleaver 190 on line 182. The output 
of the C1 decoder for the complete data plane on line 
182 (stripped of the C1 code symbols) is shown in 
data plane format in FIGURE 13B and in time line for- 
mat in FIGURE 13C. The C1 erasure flags generated 
by the C1 decoder circuit and output on line 184 are 
active during the output of any row (C1 code group) 
containing a detected but uncorrectable error. The C1 
erasure flag signal is shown in FIGURE 13C under 
the C1 code group output signal as being active dur- 
ing the output of the uncorrectable string error of con- 
tiguous symbols 222. Even if a number of symbols 
within the string 222 are correct, the C1 erasure flag 
will still be active for each output row to signal the 
presence of symbol errors in that row. 

The C1 code groups are then deinterleaved by 
the inner deinterleaver 190 and output on line 196. 
The C1 erasure flags are also passed through the de- 
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interleaving process and output on line 200. In the in- 
ner deinterleaving process, the C1 code groups are 
input row by row and output column by column on line 
196 producing an output time line signal for the data 
plane shown in FIGURE 13D. As also shown in FIG- 
URE 13D, the deinterleaving process has distributed, 
in synchronism, the string error of contiguous sym- 
bols 222 and the active portions of the C1 erasure 
flag signal on line 200, such that C1 flags point to lo- 
cations within the C2 code words containing symbol 
222 errors. 

The signal on line 196 is then processed by the 
C2 decoder 202, partially corrected and output as the 
C2 code group (minus the C2 code symbols) on line 
204 as shown in FIGURE 13E. The C2 decoder util- 
izes the C1 erasure flags on line 200 to correct each 
C2 code group containing less than 2T symbols of the 
string error in the contiguous symbols 222. Also out- 
put from the C2 decoder 202 on line 206 are the C2 
erasure flags as shown under the C2 code group sig- 
nal in FIGURE 13E. The C2 erasure flags are active 
during the output of any C2 code group containing 
one or more uncorrected symbols in error, and there- 
fore do not precisely identify the remaining portions 
of the string error 222 in the data symbols. 

To generate the C1-C2 symbol accurate flag for 
precisely identifying individual symbols containing 
the remaining portions of the string error 222 or any 
other remaining error in the symbols, the C1 erasure 
flag on line 200 is delayed so as to be time synchron- 
ized with the C2 erasure flag output on line 206. The 
delayed C1 erasure flag is output from the delay cir- 
cuit 21 2 on line 214 as shown in FIGURE 1 3F. Also de- 
picted in FIGURE 13F is the C2 code group signal on 
line 204 containing the remaining uncorrected por- 
tions of the string error 222, and the C2 erasure flag 
output on line 206 identifying each code group in 
which a portion of the string error remains uncorrect- 
ed. To identify the specific symbols containing the un- 
corrected error, the C2 erasure flag (line 206) and the 
delayed C1 erasure flag (line 214) are ANDed togeth- 
erto generate a C1 C2 symbol accurate flag signal on 
line 218 as shown in FIGURE 13F. 

The decoded C2 code groups (line 204) and the 
C1 C2 symbol accurate flags (line 218) are then input 
to an outer deinterleaver 230 in a data plane as illu- 
strated in FIGURE 14. The outer deinterleaver 230 
has a structure similar to that of the outer interleaver 
1 6 as shown in FIGURE 6 exceptthat the memory ar- 
rays have increased storage capacity to store the 
C1-C2 symbol accurate flag as a ninth bit for each 
eight bit symbol. The C2 code groups input into the 
deinterleaver 230 are written sequentially on a col- 
umn by column basis into the memory arrays of the 
deinterleaver in data plane format. 

At this point, the C2 code groups (C3 code words) 
for the data planes stored in the memory arrays, 
which exist in a shuffled state, are unshuffled and 



output on line 232 through the generation of the cor- 
rect sequence of addresses by the read address 
counter and look-up table. By use of the look-up table 
the sequentially generated read counter addresses 

5 are converted to a predetermined nonsequential ser- 
ies of addresses for accessing and outputting the C3 
code words in the same order as received by the out- 
er interleaver 16. Also output from the deinterleaver 
230 are the C1-C2 symbol accurate flags on line 234 

w identifying individual symbols still containing errors. 

The deinterleaved C3 code words output on line 
232 and the C1-C2 symbol accurate flags output on 
line 234 from the outer deinterleaver 230 are next 
processed by the C3 decoder 240 which detects and 

75 corrects as many includes symbol errors as possible. 
The C3 code symbols are then stripped from the code 
words leaving only the original user data (C3 code 
groups), substantially error free, for output on line 
242. With the presence of the C1 -C2 symbol accurate 

20 flags and the C3 code symbols, the range of correc- 
tion for the C3 decoder 240 is enhanced from T to 2T 
errors. 

Those skilled in the art will appreciate that many 
modifications may be made on the above described 
25 system and its component parts without departing 
from the spirit and scope of the invention. For exam- 
ple, the run-length limiting encoder and decoder for 
the media channel encoder and decoder may be re- 
placed or eliminated from the system. In an alternate 
30 embodiment of the invention without a media channel 
encoder or decoder, as shown in FIGURE 1 5, the sys- 
tem of the present invention performs in a similar 
manner except that the C1 decoder is limited to cor- 
rection of T errors because of the lack of input se- 
35 quence violation flags. In FIGURE 15, the same ref- 
erence numbers are used to identify the same or sim- 
ilar components of FIGURE 2. 

Furthermore, the contents of the look-up table 
used in the outer interleaver and deinterleaver, 16 
40 and 230 respectively, or the number of columns (m) 
and rows (n), can be modified to alter the nature of the 
orthogonal interleave. Thus, some other orthogonal 
interleave other than row shuffling may be imple- 
mented, for example, column shuffling. 
45 In other alternate embodiments, multiple mem- 

ory arrays for the outer interleaver and deinterleaver 
are replaced with a single memory and all interleav- 
ing and deinterleaving steps are performed in a sin- 
gle large memory array. Furthermore, a properly pro- 
50 grammed central processor can replace the system 
components and perform three-way orthogonal in- 
terleaving and encoding. Alternatively, multiple proc- 
essing units can be conf igured to separately operate 
the system components and handle interprocessor 
55 data communications. 

The method and apparatus of the triple orthogo- 
nal interleaved error correction system of the present 
invention is applicable to any data transmission, stor- 
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age, reception and play back media even though the 
system has been described above with respect to its 
preferred embodiment for use with a high density hel- 
ical scan digital tape recorder. The use of orthogonal 
row shuffling provides protection against signal deg- 
radation caused by tape manufacturing defects, roller 
imprints, scratches, data track loss, noise introduc- 
tion, transient or recurrent conditions in the media 
channel and other known causes of error. 

The encoding of the C3 and C2 code words in the 
same column but across orthogonally shuffled rows 
provides protection against long and intermediate 
length errors. In addition, feeding the media channel 
detected sequence violation errors to the C1 decoder 
doubles the potential error correction range of the C1 
decoder. This enhances operation of the system as 
the use of the sequence violation flags in conjunction 
with the C1-C2 symbol accurate flags yields in- 
creased random error protection while devoting a 
minimum proportion of the data space to error detec- 
tion and correction symbols. In another embodiment 
of the present invention, shown in FIGURE 16 as an 
addition to the system shown in FIGURE 2 the se- 
quence violation (S.V.) flags and C1 decoder flags are 
logically combined to output a C1S.V. symbol accu- 
rate error flag for input into the inner deinterleaver 
190 and C2 decoder 202. 

As shown in FIGURE 16, the S.V. flags are output 
to the inner decoder 180 from the media channel de- 
coder 170 on line 174. The S.V. flags are also input 
to and delayed by a delay element 181 for output on 
line 1 83. Delaying of the S.V. flags is necessary to ad- 
just for the signal processing time required by the C1 
decoder 180. As previously described, the C1 decod- 
er 1 80 outputs C1 erasure flags on line 184. An AND 
gate 185 logically combines the S.V. and C1 flags to 
generate the C1-S.V. error flag on line 184' for input 
to the inner deinterleaver 190 and further processing 
by the C2 decoder. Use of media channel sequence 
violation flags, the C1S.V. error flags and C1-C2 
symbol accurate flags as described above provides 
maximum random error protection in proportion to the 
amount of data space dedicated to code symbols. 

In a further embodiment of the present invention, 
an additional circuit for enabling the detection and re- 
writing of errors included in transmitted or recorded 
data is provided. The block diagram for the rewrite 
system is also shown in FIGURE 16 as an addition to 
the system shown in Figure 2. The error correction 
codes for the rewrite system are structured such that 
a decision is made immediately upon writing data to 
determine if the number of included errors is so great 
that a rewriting of that data is necessary (read-while- 
write). The transmit/record and the receive/playback 
portions of the read-while-write system are essential- 
ly the same in structure to the system shown in FIG- 
URE 2. 

The playback portion is configured to read the 



data immediately after it is written into the media 
channel (for example to a helical scan digital tape re- 
corder). The written encoded data is then processed 
by the C1 and C2 decoders, 180 and 202 respective- 

5 ly, where the number of detected included errors in 
each data plane are counted and output on lines 184 
and 206, respectively. 

Two sums are calculated from the number of C1 
and C2 erasure flags output from the C1 and C2 de- 

10 coders, 180 and 202, respectively. The first is a sum 
of the number of C1 erasure flags per data plane, and 
the second is a sum of the number of C2 erasure flags 
per data plane. Thus, the rewrite system determines 
the number of data errors contained in a portion of the 

15 data stream read from the media channel. The first 
sum (C1 ) is compared to a threshold value set to rep- 
resent the maximum tolerable random error and the 
second sum (C2) is compared to a threshold value set 
to represent the maximum tolerable burst error. If 

20 either threshold value is exceeded, the process to re- 
write the data plane or track affected by the threshold 
exceeding number of detected errors is triggered. The 
C2 check protects against the possibility that one or 
more symbols decoded by the C2 decoder continue 

25 to contain uncorrected errors. The threshold levels 
for the C1 and C2sums are selectable by the system 
user, thereby enabling the user to tailor the system 
according to the desired tradeoff between write accu- 
racy and the frequency of rewrites. 

30 Referring to the read-while-write circuit of Figure 

16, an accumulator 250 counts the number of C1 era- 
sure flags per data plane and outputs the count to a 
comparator 252. Another accumulator 254 counts the 
number of C2 erasure flags per data plane, also out- 

35 putting the count to the comparator 252. The compar- 
ator 252 has two threshold inputs, received on lines 
256 and 258, for setting the number of tolerable C1 
and C2 errors per data plane or track. When either 
threshold level is exceeded for a given data plane, the 

40 comparator 252 outputs a rewrite signal on line 260. 

The rewrite signal on line 260 is coupled to the 
data source (not shown) to direct the source to stop 
the flow of new data from the data source to the C3 
encoder 12. The signal is also coupled to a disabling 

45 AND gate 262 to stop the flow of new incoming data 
into the system. The rewrite signal on line 260 is fur- 
ther coupled to the arbitration logic circuit 84 (FIG- 
URE 6) of the outer interleaver 16. This causes the 
arbitration logic circuit 84 to preset the read address 

50 counter 76 and look-up table 78 at the starting ad- 
dress of the memory arrays 60 for the data plane that 
is to be rewritten. The portion of data in error is then 
reread and output on line 82 to be re-interleaved and 
re-encoded by the write portion of the system for 

55 transmission over the media channel. The memory 
arrays 60 of the outer interleaver 16 must be of suf- 
ficient size to store data for the period of time required 
for testing by the rewrite circuit. 
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As mentioned above, the embodiments of the in- 
vention as shown in FIGURES 2 and 16 utilize a me- 
dia channel encoder 160 that implements a run- 
length limiting encoding scheme commonly referred 
to as Miller-Squared (M 2 ) encoding. It will of course be 
understood that other media channel encoding 
schemes, or no media channel encoding scheme as 
in FIGURE 15, may be used in practicing the inven- 
tion. The code, encoder and decoder for implement- 
ing a conventional M 2 run-length limiting coding 
scheme are described in Reissue United States Pa- 
tent No. 31,311 issued to Miller, the disclosure of 
which is hereby fully incorporated by reference. 

As is well known, the waveforms of transmitted 
digital data are divided into bit cells with each cell con- 
taining one bit of data in binary form. Data transitions 
(from logic 1 to 0 or vice versa) need not occur at the 
beginning or end of a bit cell. The sequencing rules 
as taught by Miller provide that logic 0 bits are identi- 
fied by transitions at the beginning of the cell and log- 
ic 1 transitions are identified by data transitions at 
midcell. The one exception to this rule is that transi- 
tions are suppressed if they occur within one bit cell 
of a prior transition. An additional sequencing rule for 
M 2 coding is applied such that the last transition from 
any even number of logic Vs followed by a logic 0 is 
suppressed. 

Because the transitions in M 2 coded data occur at 
two locations in the data cell, the clock cycle needed 
for decoding the data operates at twice the frequency 
of the serial data rate of the unencoded data. Thus, 
there are two M 2 clock cycles for each data cell. The 
principles of conventional M 2 encoding and decoding 
are more fully explained in Reissue Patent No. 
31,311. Errors in M 2 encoded data occur when the 
specially encoded transition locations in the data cell 
according to the sequencing rules are shifted by tran- 
sient or recurrent conditions in the media channel 
thus confusing whether.the transition signifies a logic 
1 orO. 

The conventional run-length limiting decoder, as 
disclosed in the Miller Patent merely decodes the 
data stream. The decoder provides no error detection 
or correction capability and operates independently 
from any other included error detection and correc- 
tion circuits. Thus, the decoder does not identify in- 
stances where the media channel has introduced er- 
rors that violate the M 2 sequencing rules. It would 
however be advantageous if such sequencing viola- 
tions could be flagged. With flagging of the M 2 errors, 
improved performance of the error correcting decod- 
ers, for example from T to 2T, is possible as flagged 
errors require only one code symbol for correction. 

There are three constraints or conditions (se- 
quencing violations) in the M 2 coded data stream that 
are easily checked on the decode side to detect illegal 
M 2 code sequences. First, if the run length between 
transitions in the M 2 code stream is shorter than the 



minimum of one data cell (two M 2 clocks), then a short 
run sequence violation has occurred. Second, if the 
run length between transitions in the M 2 code stream 
is longer than the maximum of three data cells (six M 2 
5 clocks), then a long run violation has occurred. The 
third constraint examines every run length exceeding 
two data cells (four M 2 docks). If the transition begin- 
ning the run occured in the middle of a data cell then 
the sequence is a correct M 2 sync sequence, and is 
10 used by the decoder to determine the location of cell 
boundaries. However, if the transition beginning the 
run occurred at the boundary between two adjacent 
data cells, then a sync sequence error is detected. 
It is important in an error detecting M 2 decoder 
15 that the data flagged by the decoder as in error in fact 
contain an error. Otherwise, one error correction 
code check symbol devoted to correction by subse- 
quent decoders will be wasted correcting data not in 
error and unavailable to correct other included errors. 
20 Thus, there are two criteria in developing a run-length 
limiting, error flagging decoder. First, the decoder 
should detect as many media channel introduced er- 
rors as possible. Second, the decoder should mini- 
mize the amount of correctly decoded data flagged as 
25 in error. In balancing these two criteria, the decoder 
should only flag questionable data as being in error, 
leaving all other errors for later detection and correc- 
tion by subsequent error correction decoders. 

Referring now to FIGURE 17A, there is shown a 
30 conventional M 2 decoder with included circuitry to de- 
tect and flag short run violation errors. For purposes 
of clarity, the clock synchronization circuitry is not 
shown and the added short run violation detection cir- 
cuitry is shown enclosed by broken lines. The clock 
35 synchronization circuitry is shown in FIGURE 17B. 
The AND gates G6-G9 receive the outputs of shift 
register flip flops SR1-SR5, with the AND gate out- 
puts ORed together by gate G1 0 for output to flip flop 
FF6. 

40 FIGURE 18 shows a timing diagram illustrating 

the operation of the circuit of FIGURE 17Afor detect- 
ing and flagging short run errors. The record data and 
record M 2 code sequence (output from the M 2 encod- 
er) are shown along with the record and M 2 clock sig- 

45 nals. Next is shown the M 2 code as received by the 
decoder circuit of FIGURE 17A containing a pair of 
code transitions separated by only one M 2 clock indi- 
cating a short run sequence violation. The two loca- 
tions for each error where the transition has been 

50 shifted in error are marked with question marks (?) 
as the decoder does not know which was shifted and 
which was not. 

In the five bit shift register SR1-SR5, there are 
two consecutive taps which are high and four possible 

55 error locations marked with question marks (?) for 
each sequence violation due to the operation of XOR 
gate G1. The outputs from AND gates G6-G9 wfll be 
high on the M 2 clock following times when their asso- 
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ciated inputs from shift register flip flops SR1-SR5 
are both high. The short run error output from OR 
gate G10 will be high whenever the output of gate G6- 
G9 are high. Thus, the short run error flag (output 
from flip flop FF6) will be signalled for the two data 5 
cells (four M 2 clocks) where the short run error has 
been detected. This error flag is passed on to a sub- 
sequent error correction decoder to provide en- 
hanced error correction capability. 

Referring now to FIGURE 19, there is shown a 10 
conventional M 2 decoder with included circuitry to de- 
tect and flag long run violation errors. For purposes 
of clarity, the clock synchronization circuit is not 
shown and the added long run violation detection cir- 
cuitry is shown enclosed by broken lines. Again, the 15 
clock synchronization circuit is shown in FIGURE 
17B. AND gate G6 receives the outputs of shift reg- 
ister flip flops SR1-SR6, and AND gate G7 receives 
the outputs of shift register flip flops SR3-SR8. The 
outputs of AND gates G6 and G7 are ORed together 20 
by gate G8 for output to flip flop FF6. 

FIGURE 20 shows a timing diagram illustrating 
theoperation of the circuit of FIGURE 19 for detecting 
and flagging long run errors. The record data and re- 
cord M 2 code sequence (output from the M 2 encoder) 25 
are shown along with the record and M 2 clocksignals. 
Next is shown the M 2 code as received by the decoder 
circuit of FIGURE 19 containing a pair of code transi- 
tions separated by three and a half data cells (seven 
M 2 clocks) indicating a long run violation. The location 30 
of the incorrect transition, at the end of the block, is 
marked with an "x", while location of the cause of the 
error, a missing 1 transition in the middle of the seven 
clock sequence, is marked with an asterisk (*). The 
decoder knows the ending transition, rather than the 35 
beginning transition, was shifted because the begin- 
ning transition correctly occurs in the middle of a data 
cell. 

In the shift registerflip flops SR1-SR8, there are 
two possible error locations (x), or incorrectly decod- 40 
ed data bits due to the operation of XOR gate G1 . One 
corresponds to an incorrect bit at the output of shift 
register flip flop SR3. The other occurs because the 
output of gate G2 is incorrectly high indicating an in- 
correct zero bit at the output of shift register flip flop 45 
SR1 . The output of AND gate G6 is high when the out- 
puts of shift register flip flops SR1-SR6 are low. The 
output of AND gate G6 will be low two M 2 clocks later 
as it receives inputs from the outputs of shift register 
flip flops SR3-SR8. OR gate G7 will be high when 50 
either of the outputs of AND gates G6 and G7 are 
high. Due to the timing relationship between the out- 
put of OR gate G8 and the NR2 CLK at FF6, an error 
flag indicating an error at the end of a long run (x) is 
output if the OR gate G8 output is high and NR2 CLK 55 
is low. 

Referring now to FIGURE 21, there is shown a 
conventional M 2 decoder with included circuitry to de- 



tect and flag illegal M 2 sync sequence errors. For pur- 
poses of clarity, the clock synchronization circuit is 
not shown and the added illegal sync sequence de- 
tection circuitry is shown enclosed by broken lines. 
Again, the clock synchronization circuit is shown in 
FIGURE 17B. AND gate G6 receives the outputs of 
shift register flip flops SR3-SR6. The output of the 
AND gate G6 is ORed with the output of AND gate G4 
by gate G7 having an output applied to flip flop FF6. 

FIGURE 22 shows a timing diagram illustrating 
the operation of the circuit of FIGURE 21 for detecting 
and flagging illegal M 2 sync sequence errors. The re- 
cord data and record M 2 code sequence (output from 
the M 2 encoder) are shown along with the record and 
M 2 clock signals. Next is shown the M 2 code as re- 
ceived by the decoder circuit of FIGURE 21 contain- 
ing a pair of code transitions separated by two data 
cells (four M 2 clocks) with the initial transition falling 
on the boundary between two data cells indicating a 
sync sequence violation. The two locations for each 
error where the transition has been shifted in error 
are marked with question marks (?) as the decoder 
does not know which was shifted and which was not. 

In the shift register flip flops SR1-SR6, there are 
four possible error locations identified by question 
marks (?) due to the operation of XOR gate G1 . The 
output of AND gate G4 will be high when the outputs 
from SR1-SR3 are low and the output from SR4 is 
high. The output of AND gate G6 will be high two M 2 
clocks later as it receives inputs from the outputs of 
shift register flip flops SR3-SR6. The output of OR 
gate G7 will be high when either output from gates G4 
or G6 is high. Due to the timing relationship between 
the output of gate G7 and the NRZ CLK at FF6, an er- 
ror flag indicating an error at the beginning of the run 
(? sync error) will be generated if the OR gate G7 out- 
put is high and NRZ CLK is low. 

With the error detection circuitry of FIGURES 
1 7A, 1 9 and 21 added to t he conventional M 2 decoder 
circuit and utilized in the system of FIGURES 2 and 
16, shifted transitions in the encoded bit stream are 
detected and flagged as sequence violations (S.V.) 
for subsequent processing and correction by the C1 
error correction decoder. It will of course be under- 
stood that each flagging circuit need not be incorpo- 
rated into the system. The exact position of the error 
in the flagged location will be uncertain because the 
error flagging circuits flag two bits rather than just 
one. Otherwise, error correction would be easy as a 
single flagged error bit could just be inverted. 

Although several embodiments for the triple or- 
thogonally interleaved error correction system and its 
component parts have been discussed in the forego- 
ing Detailed Description and illustrated in the accom- 
panying Drawings, it will be understood that the in- 
vention is not limited to the embodiments disclosed, 
but is capable of numerous rearrangements, modifi- 
cations and substitutions without departing from the 
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spirit of the invention as set forth and defined by the 
following claims. 



Claims 

1. A method for interleaving and encoding a user 
data stream, comprising the steps of: 

dividing the user data stream into a se- 
quence of first code groups; 

encoding each first code group in the se- 
quence by appending thereto a first error correc- 
tion code to form a f irst code word; 

sequentially combining each encoded first 
code word according to the sequence of first 
code groups to output a sequence of first code 
words; 

arranging the sequence of first code 
words into a first series of two-dimensional col- 
umn by row data planes; 

orthogonally interleaving the first series of 
data planes by inter-data plane row shuffling to 
form a second series of two-dimensional column 
by row data planes, each column of the second 
series of data planes comprising a second code 
group for sequential output; 

encoding each second code group in the 
sequence by appending thereto a second error 
correction code to form a second code word; 

sequentially combining each encoded 
second code word according to the sequence of 
second code groups to output a sequence of sec- 
ond code words; 

arranging the sequence of second code 
words into a second code word two-dimensional 
column by row data plane, each row of the data 
plane comprising a third code group; 

interleaving the arranged second code 
words in the second code word data plane by se- 
quentially outputting the rows of the first data 
plane as a sequence of third code groups; 

encoding each third code group in the se- 
quence by appending thereto a third error correc- 
tion code to form a third code word; and 

sequentially combining each encoded 
third code word according to the sequence of 
third code groups to output a sequence of third 
code words as the interleaved and encoded user 
data stream. 

2. The method as in Claim 1 further comprising the 
step of encoding the sequence of third code 
words with a run-length limiting code. 

3. The method as in Claim 1 wherein the step of ar- 
ranging the sequence of first code words com- 
prises the step of sequentially storing an integral 
number of first code words in each column of the 



first series of data planes. 

4. The method as in Claim 3 wherein one f irst code 
word is stored in each column of the first series 

5 of data planes. 

5. The method as in Claim 1 wherein the step of ar- 
ranging the sequence of second code words 
comprises the step of sequentially storing an in- 
to tegral number of second code words in each col- 
umn of the second code word data plane. 

6. The method as in Claim 5 wherein one second 
code word is stored in each column of the second 

15 code word data plane. 

7. The method as in Claim 1 wherein the step of or- 
thogonally interleaving by inter-data plane row 
shuffling comprises the step of shuffling the rows 

20 of the first series of data planes between data 

planes according to a predetermined shuffling al- 
gorithm to form the second series of a data 
planes while maintaining relative row position of 
a shuffled row between the first and second ser- 

25 ies of data planes. 



8. The method as in Claim 1 wherein: 

the step of arranging the sequence of first 
code words comprises the step of sequentially 
30 storing one first code word per data plane col- 

umn; and 

the step of arranging the sequence of sec- 
ond code words comprises the step of sequential- 
ly storing one second code word per data plane 

35 column; 

further comprising the step of arranging 
the sequence of third code words into a third 
code word two dimensional column by row data 
plane, one third code' word sequentially stored 

40 per data plane row, such that the third error cor- 

rection code is transverse to the first and second 
error correction codes. 

9. The method as in Claim 1 wherein the first and 
45 second series of data planes and the second 

code word data plane each comprise a pair of 
data storage buffers alternately available for 
reading and writing such that while a first buffer 
receives a portion of the sequence of uninter- 
50 leaved code words for storage, a second buffer is 

outputting, in interleaved fashion, a preceding 
portion of the sequence as previously stored. 



55 



17 



10. The method as in Claim 1 further comprising de- 
coding and deinterleaving the interleaved and 
encoded user data stream output as a sequence 
of third code words, the interleaved and encoded 
user data stream received as a sequence of 
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fourth code words comprising the sequence of 
third code words with a total number of included 
data errors introduced therein, comprising the 
steps of: 

decoding each fourth code word in the re- 5 
ceived sequence of fourth code words by detect- 
ing included data errors and correcting a first set 
number of data errors according to the appended 
third error correction code, each decoded fourth 
code word minus the third error correction code 10 
comprising a fourth code group combined ac- 
cording to the sequence of fourth code words for 
output as a sequence of fourth code groups sub- 
stantially equal to the sequence of third code 
groups and including first erasure flags indicating 15 
each fourth code group in the sequence contain- 
ing a detected but uncorrected error; 

arranging the sequence of fourth code 
groups and first erasure flags into a fourth code 
group two-dimensional column by row data 20 
plane, each column comprising a fifth code word; 

deinterleaving the sequence of fourth 
code groups and first erasure flags in the fourth 
code group data plane by sequentially outputting 
the columns of the data plane as a sequence of 25 
fifth code words and including deinterleaved first 
erasure flags; 

decoding each fifth code word by detect- 
ing included data errors and correcting a second 
set number of data errors according to the ap- 30 
pended second error correction code and the de- 
interleaved first erasure flags, each decoded 
fifth code minus the second error correction 
code comprising a fifth code group combined ac- 
cording to the sequence of fifth code words for 35 
output as a sequence of fifth code groups sub- 
stantially equal to the sequence of second code 
groups including second erasure flags indicating 
each fifth code group in the sequence containing 
a detected but uncorrected error; 40 

combining the first and second erasure 
flags to generate a third erasure flag pointing to 
locations within each fifth code group having 
data in error; 

arranging the sequence of fifth code 45 
groups with the third erasure flags into a third 
series of two-dimensional column by row data 
planes; 

orthogonally deinterleaving the third ser- 
ies of data planes by inter-data plane row unshuf- so 
fling to form a fourth series of two-dimensional 
column by row data planes, each column of the 
fourth series of data planes comprising a sixth 
code word for sequential output and including de- 
interleaved third erasure flags; 55 

decoding in sequence each sixth code 
word by detecting included data errors and cor- 
recting a third set number of data errors accord- 



ing to the appended first error correction code 
and the third erasure flags, each decoded sixth 
code word minus the first error correction code 
combined according to the sequence of sixth 
code words for output as a sequence of sixth 
code groups, wherein the sequence of sixth code 
groups are substantially equal to the sequence of 
first code groups comprising the user data 
stream. 

1 1 . The method as in Claim 1 0 furt her comprising the 
steps of: 

encoding the output sequence of third 
code words with a run-length limiting code; and 

decoding the run-length limiting encoded 
sequence of third code words to generate the se- 
quence of fourth code words that include data er- 
rors. 

12. The method as in Claim 11 further comprising the 
steps of: 

detecting run-length errors in the se- 
quence of run-length limiting decoded fourth 
code words; and 

outputting the sequence of fourth code 
words including run-length erasure flags indicat- 
ing detected run-length errors. 

13. The method as in Claim 12 wherein the step of 
decoding each fourth code word further includes 
the step of using the run-length erasure flags to 
enhance correction capability such that the sum 
of first, second and third set number of corrected 
errors substantially equals the total number of in- 
cluded data errors introduced into the sequence 
of third code words. 

14. The method as in Claim 12 further comprising the 
step of combining the run-length erasure flag 
and first erasure flag to generate a fourth erasure 
flag to assist in decoding each fifth code word, 
comprising the steps of: 

delaying the run-length erasure flag to ad- 
just for the processing needed to perform the 
step of decoding each fourth code word; and 

logically combining the delayed run- 
length erasure flag in synchronization with the 
first erasure flag. 

15. The method as in Claim 10 wherein the steps of 
orthogonally interleaving and deinterleaving by 
inter-data plane shuffling and unshuff ling are op- 
posite row shuffling operations such that each 
shuffled row in the third series of data planes is 
unshuffled and returned to a position in the 
fourth series of data planes corresponding to that 
position the row occupied in the first series of 
data planes. 
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16. The method as in Claim 10 wherein the step of 
combining the first erasure flag and second era- 
sure flag includes the steps of: 

delaying the first erasure flag to adjust for 
the processing time needed to perform the step 5 
of decoding fifth code words; and 

logically combining in synchronization the 
delayed first erasure flag and the second erasure 
flag to generate the third erasure flag pointing to 
locations within each fifth code group having 10 
data in error. 

1 7. The method as in Claim 1 0 wherein the sequence 
of third code words are written into a media chan- 
nel, further comprising the step of reading the 15 
media channel while writing thereto, comprising 

the steps of: 

reading the sequence of third code words 
from the media channel after transmission there- 
to to provide the sequence of fourth code words 20 
which include a total number of channel intro- 
duced data errors; 

dividing the sequence of fourth code 
words into predetermined portions; 

counting the number of first erasure flags 25 
generated for each predetermined portion; 

comparing the number of first erasure 
flags for each portion to a first threshold number; 
and 

triggering a rewrite into the media channel 30 
of the user data stream corresponding to the por- 
tion of the sequence of fourth code words affect- 
ed by errors exceeding the first threshold. 

18. The method as in Claim 17 wherein the step of 35 
triggering further comprises the steps of: 

inhibiting further transmission of the user 
data stream; and 

accessing a portion of the user data 
stream transmitted to the media channel corre- 40 
sponding to the portion of the sequence of fourth 
code words containing excessive errors for re-en- 
coding, re-interleaving and writing into the media 
channel. 

45 

19. The method as in Claim 17 further comprising the 
steps of: 

counting the number of second erasure 
flags generated for each predetermined portion 
indicating the number of channel introduced er- so 
rors in each portion of the user data; 

comparing the number of second erasure 
flags to a second threshold number, and 

triggering a rewrite into the media channel 
of the user data stream corresponding to the por- 55 
tion of the sequence of fourth code words affect- 
ed by errors exceeding the second threshold. 

19 



L Apparatus for interleaving and encoding a data 
stream divided into a sequence of first code 
groups, comprising: 

first encoding means for calculating and 
appending a first error correction code to each 
first code group to form a first code word, each 
first code word combined according to the se- 
quence of f irst code groups for output as a se- 
quence of first code words; 

means for orthogonally interleaving the 
sequence of first code words including means for 
sequentially storing the sequence of first code 
words into a first series of two-dimensional col- 
umn by row data planes on a column by column 
basis, the first code words orthogonally inter- 
leaved by inter-data plane row shuffling accord- 
ing to a predetermined shuffling sequence to 
form a second series of two-dimensional column 
by row data planes, each column of the second 
series of data planes comprising a second code 
group for sequential output as a sequence of sec- 
ond code groups; 

second encoding means for calculating 
and appending a second error correction code to 
each second code group to form a second code 
word, each second code word combined for out- 
put according to the sequence of second code 
groups as a sequence of second code words; 

means for interleaving the sequence of 
second code words including means for sequen- 
tially storing the sequence of second code words 
into a second code word two dimensional column 
by row data plane on a row by row basis, each row 
comprising a third code group, the second code 
words interleaved by sequentially outputting rows 
of third code groups as a sequence of third code 
groups; and 

third encoding means for calculating and 
appending a third error correction code to each 
third code group to form a third code word, each 
third code word combined to output a sequence 
of third code words representing the interleaved 
and encoded data stream. 

21. The apparatus as in Claim 20 further comprising 
means for encoding the sequence of third code 
words with a run-length limiting code. 

22. The apparatus as in Claim 21 wherein the means 
for encoding comprises a Miller-squared encod- 
er. 

23. The apparatus as in Claim 20 wherein each of the 
first, second and third encoding means compris- 
es a Reed-Solomon encoder. 

24. The apparatus as in Claim 20 wherein the means 
for storing of said means for orthogonally inter- 
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leaving comprises first and second data storage 
buffers alternately available for reading and writ- 
ing such that while the first buffer receives for 
storage a predetermined part of the sequence of 
first code words as a first series of data planes, 5 
the second buffer outputs a preceding part of the 
sequence of first code words as previously stored 
and having been orthogonally interleaved to 
form the second series of data planes. 

10 

25. The apparatus as in Claim 24 wherein each data 
storage buffer comprises a plurality of two dimen- 
sional random access memories each holding at 
least one data plane. 

15 

26. The apparatus as in Claim 20 wherein the row 
shuffling sequence maintains relative row loca- 
tion as the rows are shuffled between the series 
of data planes. 

20 

27. The apparatus as in Claim 20 wherein the means 
for storing of said means for interleaving compris- 
es first and second two-dimensional column by 
row data storage buffers alternately available for 
reading and writing such that while a predeter- 25 
mined part of the sequence of second code 
words are written into the columns of the first buf- 
fer, each row of the second buffer will be sequen- 
tially read to output a preceding part of the se- 
quence of second code words previously stored 30 
in the columns of the first buffer. 

28. The apparatus as in Claim 20 wherein the se- 
quence of third code words are written into a me- 
dia channel, the media channel introducing data 35 
errors therein, further including a decoder and 
deinterleaver receiving from the media channel a 
sequence of fourth code words comprising the 
third sequence of code words with a total number 

of included data errors introduced therein, com- 40 
prising: 

first decoding means for detecting data er- 
rors and correcting a first number of included 
data errors in the sequence of fourth code words 
according to the third error correction code, the 45 
decoded fourth code words minus the third error 
correction code being output according to the se- 
quence of fourth code words as a sequence of 
fourth code groups that include first erasure 
flags indicating fourth code groups containing so 
detected but uncorrected data errors; 

means for deinterleaving the sequence of 
fourth code groups and first erasure flags includ- 
ing means for sequentially storing the sequence 
of fourth code groups and f irst erasure flags into 55 
a fourth code group two-dimensional column by 
row data plane on a row by row basis, each col- 
umn comprising a fifth code word, the sequence 



of fourth code groups deinterleaved by sequen- 
tially outputting the columns of the data plane as 
a sequence of fifth code words, including deinter- 
leaved first erasure flags; 

second decoding means for detecting data 
errors and correcting a second number of includ- 
ed data errors in the sequence of fifth code 
words according to the second error correction 
code and the first erasure flags, the decoded 
fifth code words minus the second error correc- 
tion code output according to the sequence of 
fifth code words as a sequence of fifth code 
groups including second erasure flags indicating 
fifth code groups containing detected but uncor- 
rected data errors; 

means for combining the first and second 
erasure flags to generate a third erasure flag 
identifying locations within each fifth code group 
having uncorrected data errors; 

means for orthogonally deinterleaving the 
sequence of fifth code groups including means 
for sequentially storing the sequence of fifth code 
groups and third erasure flags into a third series 
of two-dimensional column by row data planes on 
a column by column basis, the sequence of fifth 
code groups orthogonally deinterleaved by inter- 
data plane row unshuff ling to form a fourth series 
of data planes corresponding to the first series of 
data planes, each column of the fourth series of 
data planes comprising a sixth code word, the 
columns of the fourth series of data planes se- 
quentially output as a sequence of sixth code 
words, including deinterleaved third erasure 
flags; 

third decoding means for detecting data 
errors and correcting a third number of included 
data errors in the sequence of sixth code words 
according to the first error correction code and 
the third erasure flags, the decoded fifth code 
words minus the first error correction codes out- 
put according to the sequence of sixth code 
words as a sequence of sixth code groups, 
wherein the sequence of sixth code groups are 
substantially equal to the sequence of first code 
groups comprising the data stream. 

29. The apparatus as in Claim 28 further comprising: 

means for encoding the sequence of third 
code words with a run-length limiting code; and 

means for decoding the run-length limiting 
encoded sequence of third code words to gener- 
ate the sequence of fourth code words. 

30. The apparatus as in Claim 29 wherein the means 
for run-length limiting decoding further compris- 
es means for detecting run-length errors in the 
sequence of fourth code words and outputting 
run-length erasure flags identifying included er- 
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rors in the sequence of fourth code words. 

31. The apparatus as in Claim 30 further comprising 
means for combining the run-length erasure flag 
in synchronization with the first erasure flag com- 
prising: 

means for delaying the run-length erasure 
flag to adjust for the processing time of the first 
decoding means; and 

means for logically combining the delayed 
run-length erasure flag and first erasure flag to 
generate a fourth erasure flag for processing by 
said second decoding means to identify error lo- 
cations within the sequence of fourth code 
groups. 

32. The apparatus as in Claim 30 wherein the first de- 
coding means uses the run-length erasure flags 
in addition to the third error correction codes to 
detect and correct additional errors in the se- 
quence of fourth code words thereby enhancing 
error correction capability such that the sum of 
the first, second and third corrected errors sub- 
stantially equals the total number of introduced 
data errors. 

33. The apparatus as in Claim 30 wherein the run- 
length limiting code comprises a Miller-squared 
code, and the means for encoding and decoding 
comprises a Miller-squared encoder and decod- 
er, and wherein the means for detecting includes: 

means for detecting and flagging short run 
data sequence violations in the sequence of 
channel decoded fourth code words; 

means for detecting and flagging long run 
data sequence violations in the sequence of 
channel decoded fourth code words; and 

means for detecting and flagging illegal 
Miller-squared sync sequences in the sequence 
of channel decoded fourth code words. 

34. The apparatus as in Claim 28 wherein the first, 
second and third encoding means comprise 
Reed-Solomon encoders and the first, second 
and third decoding means comprise Reed- 
Solomon decoders. 

35. The apparatus as in Claim 28 wherein the means 
for combining the first erasure flag and second 
erasure flag comprises: 

means for delaying the first erasure flag 
as deinterleaved to adjust for the processing time 
of the second decoding means; and 

means for logically combining the delayed 
deinterleaved first erasure flag in synchroniza- 
tion with the second erasure flag as output from 
the second decoding means to generate the third 
erasure flag identifying errors within the se- 



quence of fifth code groups. 

36. The apparatus as in Claim 28 further including 
read-while-write means for the interleaved and 
5 encoded data stream to trigger a rewrite of the 

data stream containing excessive errors, com- 
prising: 

means for reading the sequence of third 
code groups while being written to the media 
10 channel to provide the sequence of fourth code 

words with introduced errors; 

means, coupled to the third decoding 
means, for counting the number of generated first 
erasure flags indicating the number of detected 
15 errors in a predetermined portion of the data 

stream in the sequence of fourth code words; 

means for comparing the number of first 
erasure flags to a first threshold number; and 

control means for triggering a rewrite of 
20 the predetermined portion of the data stream af- 

fected by errors when the comparison indicates 
that the number of first erasure flags exceed the 
first threshold. 



25 37. The apparatus as in Claim 36 wherein the control 
means further comprises: 

means for inhibiting further data stream 
transmission to the first encoder; and 

means for accessing the predetermined 
30 portion of the data stream in error as stored in the 

first series of data planes of the means for ortho- 
gonally interleaving for re-encoding and re-inter- 
leaving the data stream. 

35 38. The apparatus as in Claim 36 further comprising: 
means, coupled to the second decoding 
means, for counting the number of generated 
second erasure flags indicating the number of de- 
tected errors in the predetermined portion of the 

40 data stream in the sequence of f ifth code words; 

and 

means for comparing the number of sec- 
ond erasure flags to a second threshold number; 

wherein the control means triggers a re- 
45 write of the predetermined portion of the data 

stream affected by errors when the comparison 
indicates that the number of second erasure 
flags exceeds the second threshold number. 

50 39. A method for interleaving and encoding a user 
data stream, comprising the steps of: 

dividing the user data stream into a se- 
quence of first code groups; 

encoding each first code group in the se- 
55 quence to append a first error correction code to 

form a first code word; 

sequentially combining each encoded f irst 
code word according to the sequence of first 

21 
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code groups to output a sequence of first code 
words; 

arranging the sequence of first code 
words into a first series of two-dimensional col- 
umn by row data planes; 5 

orthogonally interleaving the first series of 
data planes to form a second series of two-di- 
mensional column by row data planes, each col- 
umn of the second series of data planes compris- 
ing a second code group for sequential output; 10 

encoding each second code group in the 
sequence to append a second error correction 
code to form a second code word; and 

sequentially combining each encoded 
second code word according to the sequence of is 
second code groups to output a sequence of sec- 
ond code words. 

40. The method as in Claim 39 wherein the step of or- 
thogonal interleaving comprises the shuffling 20 
rows of the first series of data planes between 
data planes to form the second series of data 
planes such that each shuffled row maintains rel- 
ative row position between the first and second 
series of data planes. 25 

41. The method as in Claim 39 further comprising the 
steps of: 

arranging the sequence of second code 
words into a second code word two-dimensional 30 
column by row data plane, each row of the data 
plane comprising a third code group; 

interleaving the arranged second code 
words in the second code word data plane by se- 
quentially outputting the rows of the first data 35 
plane as a sequence of third code groups; 

encoding each third code group in the se- 
quence to append a third error correction code to 
form a third code word; and 

sequentially combining each encoded 40 
third code word according to the sequence of 
third code groups to output a sequence of third 
code words as the interleaved and encoded user 
data. 



42. Apparatus for interleaving and encoding a data 
stream, comprising: 

first encoding means for receiving and en- 
coding the data stream, the first encoding means 
dividing the data stream into a series of user code 
groups by appending, to each user code group, a 
first error correction code to output a series of 
first code words; 

first interleaving means for receiving the 
series of first code words from the first encoding 
means and for orthogonally interleaving the ser- 
ies of first code words to output an orthogonally 
interleaved series of second code groups; 



second encoding means for receiving and 
encoding the orthogonally interleaved series of 
second code groups by appending, to each sec- 
ond code group, a second error correction code 
to output a series of second code words; 

second interleaving means for receiving 
the series of second code words from the second 
encoding means and for interleaving the second 
series of code words to output a series of third 
code groups; and 

third encoding means for receiving and en- 
coding the series of third code groups by append- 
ing, to each third code group, a third error correc- 
tion code to output a series of third code words as 
the interleaved and encoded data stream. 

43. The apparatus as in Claim 40 further comprising 
media channel encoding means for receiving and 
encoding the series of third code words with a 
run-length limiting code. 

44. The apparatus as in Claim 40 wherein the first in- 
terleaving means includes means for sequential- 
ly storing the series of first code words into a first 
series of two-dimensional column by row data 
planes, one first code word stored per data plane 
column, the first code words orthogonally inter- 
leaved by inter-data plane row shuffling accord- 
ing to a predetermined shuffling sequence to 
form a second series of data planes with each 
column of the second series of two-dimensional 
column by row data planes comprising a second 
code group for sequential output. 

45. The apparatus as in Claim 44 wherein the means 
for storing in the first interleaving means compris- 
es a pair of data storage buffers alternately avail- 
able for reading and writing such that while a first 
buffer operates in a write mode to sequentially 
store a predetermined part of the series of first 
code words as the first series of data planes, a 
second buffer operates in a read mode to output 
a preceding part of the series of first code words 
as previously stored and orthogonally inter- 
leaved to form the second series of data planes. 

46. The apparatus as in Claim 45 wherein each data 
storage buffer comprises a plurality of twodimen- 
sional random access memories each holding at 

so least one data plane. 

47. The apparatus as in Claim 40 wherein the second 
interleaving means includes means for sequen- 
tially storing the sequence of second code words 

55 into a first two-dimensional column by row data 

plane, one second code word per column, the 
second code words interleaved by sequentially 
outputting the rows of the first data plane with 
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each row output comprising a third code group. 

48. The apparatus as in Claim 47 wherein the means 
for storing comprises a pair of two-dimensional 
column by row data storage buffers alternately 
available for reading and writing such that while 
a predetermined part of the series of second 
code words is sequentially written into the col- 
umns of a first buffer, a second buffer operates 
to sequentially read each row and output a pre- 
ceding part of the sequence of second code 
words as previously stored in the columns of the 
buffer. 

49. The apparatus as in Claim 40 wherein the first, 
second and third encoding means comprise 
Reed-Solomon encoders. 

50. The apparatus as in Claim 40 further including 
means for decoding and deinterleaving a series 
of fourth code words, the series of fourth code 
words consisting of the series of third code words 
with included errors, comprising: 

first decoding means for receiving the ser- 
ies of fourth code words, detecting errors and 
correcting a first number of errors in each fourth 
code word according to the third error correction 
code, the first decoding means further stripping 
the third correction code from each fourth code 
word to output a series of fourth code groups; 

first deinterleaving means for receiving 
and deinterleaving the series of fourth code 
groups to output a series of fifth code words; 

second decoding means for receiving the 
series of fifth code words, detecting errors and 
correcting a second number of errors in each fifth 
code word according to the second error correc- 
tion code, the second decoding means stripping 
the second error correction code from each fifth 
code word to output a series of fifth code groups; 

second deinterleaving means for receiving 
and orthogonally deinterleaving the series of 
fifth code groups to output a series of sixth code 
words; and 

third decoding means for receiving the 
series of sixth code words, detecting errors and 
correcting a third number of errors in each sixth 
code word according to the first error correction 
code, the third decoding means stripping the first 
error correction code from each sixth code word 
to output a series of sixth code groups, wherein 
the series of sixth code groups are substantially 
equal to the series of first code groups compris- 
ing the data stream. 

51. The apparatus as in Claim 48 wherein further in- 
cluding means, associated with the first decoding 
means, for outputting a first erasure flag with 



each fourth code group indicating the existence 
of a detected by uncorrected error therein and 
the second decoding means includes means for 
utilizing the first erasure flags to enhance error 
5 correction capability therein. 

52. The apparatus as in Claim 51 further including: 
means, associated with the second de- 
coding means, for outputting a second erasure 
10 flag with each fifth code group indicating the ex- 

istence of a detected but uncorrected error there- 
in; and 

means for logically combining, in syn- 
chronization, the first and second erasure flags 
15 to generate a third erasureflag identifying detect- 

ed but uncorrected errors in each sixth code 
word; 

wherein the third decoding means in- 
cludes means for utilizing the third erasure flags 
20 to enhance error correction capability such that 

the sum of the first, second and third corrected 
errors substantially equals the number of includ- 
ed errors. 



25 53. The apparatus as in Claim 50 further including 
read- while- write means to trigger a rewrite of the 
encoded and interleaved data stream containing 
errors, comprising: 

means for reading the series of third code 
30 words while being written to provide the series of 

fourth code words including data errors; 

means, coupled to the first decoding 
means, for cou nting the number of generated first 
erasure flags indicating the number of included 
35 errors in a predetermined part of the series of 

fourth code words; 

means for comparing the number of first 
erasure flags to a first threshold number, and 

control means for triggering a rewrite of 
40 the data stream corresponding to the predeter- 

mined portion of the series of fourth code words 
affected by errors when the first threshold num- 
ber is exceeded. 

45 54. The apparatus as in Claim 53 wherein the control 
means further comprises: 

means for inhibiting further data stream 
transmission to the f irst encoding means during 
the rewrite of the affected data; and 

50 means for accessing a part of the data 

stream corresponding to the predetermined part 
of the series of fourth code words including ex- 
cess errors for re-encoding and re-interleaving. 



55 
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55. The apparatus as in Claim 53 further including: 
means, coupled to the second decoding 
means, for counting the number of generated 
second erasure flags indicating the number of in- 
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eluded errors in a predetermined part of the ser- 
ies of fifth code words; 

means for comparing the number of sec- 
ond erasure flags to a second threshold number; 
and 

wherein the control means triggers a re- 
write of the data stream corresponding to the pre- 
determined portion of the series of fifth code 
words affected by errors when the second 
threshold number is exceeded. 



10 



56. The apparatus as in Claim 50 further comprising: 

means for encoding the series third code 
words with a run-length limiting code; and 

means for decoding the run-length limiting 15 
encoded series of third code words to generate 
the series of fourth code words. 

57. The apparatus as in Claim 56 wherein the means 

for decoding run-length limiting encoded code 20 
words further includes means for detecting and 
flagging run-length limiting errors in the series of 
fourth code words, and wherein the first decod- 
ing means includes means for receiving run- 
length limiting error flags to enhance error cor- 25 
rection capability. 

58. The apparatus as in Claim 57 further including: 

means for logically combining, in syn- 
chronization, the run-length limiting error flags 30 
and first erasure flags to generate a fourth era- 
sure flag; 

wherein the second decoding means in- 
cludes means for utilizing the fourth erasure 
flags to enhance error correction capability of the 35 
means for decoding and deinterleaving. 

59. The apparatus as in Claim 57 wherein the run- 
length limiting code is a Miller-squared code, and 

the means for run-length limiting encoding and 40 
decoding is a Miller-squared encoder and decod- 
er, and wherein the means for detecting includes: 

means for detecting short run data se- 
quence violations in the undecoded series of 
code words received from the media channel and 45 
outputting short run error signal; 

means for detecting long run data se- 
quence violations in the undecoded series of 
code words received from the media channel and 
generating long run error signal; 50 

means for detecting illegal Miller-squared 
sync sequences in the decoded series of code 
words received from the media channel and gen- 
erating sync sequence error signal; and 

means responsive to the short run, long 55 
run and sync sequence error signals for output- 
ting run-length limiting error flags identifying 
data locations in the series of channel decoded 

24 



fourth code words in error. 

60. Apparatus for interleaving and encoding a data 
stream divided into a series of user code groups, 
comprising: 

first encoding means for receiving and en- 
coding the user data, the first encoding means 
appending to each user code group a first error 
correction code to output a series of first code 
words; 

interleaving means for receiving t he series 
of first code words from the first encoding means 
and for orthogonally interleaving the series of 
first code words to output an orthogonally inter- 
leaved series of second code groups; 

second encoding means for receiving the 
orthogonally interleaved series of second code 
groups and appending, to each second code 
group, a second error correction code to output 
a series of second code words. 

61. The apparatus as in Claim 60 wherein the inter- 
leaving means includes means for storing the 
series of first code words into a first series of two- 
dimensional column by row data planes, the first 
codewords orthogonally interleaved by inter-da- 
ta plane row shuffling according to a predeter- 
mined shuffling sequence to form a second ser- 
ies of data planes with each column of the second 
series of two-dimensional column by row data 
planes comprising a second code group for se- 
quential output. 

62. The apparatus as in Claim 60 further comprising: 

second interleaving means for receiving 
the series of second code words from the second 
encoding means and for interleaving the second 
series of code words to output a series of third 
code groups; and 

third encoding means for receiving the 
series of third code groups and appending, to 
each third code group, a third error correction 
code to output a series of third code words for 
transmission onto a media channel as the inter- 
leaved and encoded user data. 

63. The apparatus as in Claim 62 wherein the second 
interleaving means includes means for storing 
the sequence of second code words into a sec- 
ond code word two-dimensional column by row 
data plane, the second code words interleaved 
by sequentially outputting the rows of the data 
plane with each row output comprising a third 
code group. 
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